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vABSTRACT
The design of structures and infrastructures in soft soil areas represents an important
challenge in geotechnical engineering owing to the poor soil properties in terms of
strength and compressibility. In this scenario, a proper geotechnical investigation
plan is fundamental to evaluate geotechnical parameters for conducting stability
analysis and settlement prediction. Over the past decades, in Finland, the field vane
test had been widely adopted as the traditional field investigation tool. However,
recent studies conducted at Tampere University (formerly Tampere University of
Technology) have revealed that this test often encounters many problems in terms
of accuracy, precision, and results interpretation. The present study aims to
overcome these issues and improve the quality of ground investigation data in
Finnish soft clays promoting the use of piezocone testing. Although this test has
proven high reliability in different soil conditions, its applicability in soft sensitive
clays requires high accuracy in terms of measurement and interpretation. Therefore,
an extensive experimental program has been conducted on five soft clay sites located
in Finland, aiming to build a high quality database of in situ and laboratory test data.
In particular, seismic and resistivity piezocones have been adopted for field testing,
whereas the laboratory program comprised index tests, one-dimensional constant
rate of strain consolidation tests, and triaxial tests. As sample quality represents a key
issue in soft sensitive clays, several sampling apparatuses and procedures have been
tested to obtain high-quality undisturbed samples. Finally, the collected dataset has
been exploited to establish correlations for evaluating the preconsolidation stress
and deformation characteristics of the investigated clays. An analytical method based
on a spherical cavity expansion theory and critical state soil mechanics solution has
been adopted to derive simplified analytical equations for predicting the
preconsolidation stress and the constrained modulus based on the piezocone test
data. Results indicate that there is a fairly good agreement between the predicted
values and the experimental data. Moreover, reliable correlations between the soil
compressibility and the natural water content were established while the applicability
of the piezocone testing to predict the deformation characteristics turned out to be
characterized by high uncertainties.
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Latin letter
a Area correction factor for cone resistance
a' Attraction
b Bias factor
c' Effective cohesion
e Void ratio
e0 Initial void ratio
fs Sleeve friction
k Soil permeability
k0 Coefficient of earth pressure at rest
k1 Correction factor applied to Sällfors’ method
m Janbu’s modulus number
mcalc corrected Janbu’s modulus number
mtest Janbu’s modulus number evaluated from laboratory test
mv Coefficient of compressibility
m1 Janbu’s modulus number in the NC region
m2 Janbu’s modulus number in the OC region
p' Mean effective stress
pa Atmospheric pressure (101.3 kPa)
q Deviatoric stress q
qc Measured cone tip resistance
qeff Effective cone tip resistance
qnet Net cone tip resistance
qt Corrected cone tip resistance
su Undrained shear strength
sure Remolded undrained shear strength
t Time
u Pore pressure
um measured penetration pore-water pressure
ups Maximum negative pore pressure during sampling
u0 Hydrostatic pore pressure
xii
u1 Pore pressure acting at the cone tip
u2 Pore pressure acting behind the cone
vs Shear wave velocity (m/s)
w Water content
wL Liquid limit
wP Plastic limit
Ac Cross-sectional area of the cone
An Cross-sectional area of the load cell
As Sleeve area of the cone
Bq Pore pressure ratio
Cc Compression index
Cr Swelling index
Fc Axial force at the cone tip
Fr Friction ratio
Fs Axial force along the sleeve
G0 Initial shear modulus (also Gmax)
I Electric current
Ic Soil behavior type index
Ir Rigidity index
K Soil conductivity
M Constrained modulus
M0 Constrained modulus in the OC region
ML Constant constrained modulus between V'p and V'L
Moed Oedometer modulus
M' Sällfors’ modulus number
Nkt Cone bearing factor
Qt Normalized cone tip resistance
Sr Degree of saturation
St Sensitivity (St = su/sure)
V Voltage
Greek symbols
D Constrained modulus cone factor
E Janbu's stress exponent
E Janbu's stress exponent in the NC region
E Janbu's stress exponent in the OC region
xiii
' Increment
H Strain
Ha Axial strain
HNC Deformation in the normally consolidated region
HOC Deformation in the overconsolidated region
Hv Vertical strain
Hv0 Vertical strain at reconsolidation to V'v0
I' Effective friction angle
I'MO Effective friction angle at maximum obliquity
I'PEAK Effective friction angle at peak strength
J Soil unit weight
K Stress ratio
N Modified recompression index
O Modified compression index
Q Specific volume
U Soil density
Va Reference stress (=100 kPa)
Vc Cell pressure
Vv Vertical total stress
Vvy Yield vertical stress
Vv0 Initial vertical total stress
V'f Final effective stress
V'L Limit stress according to Sällfors method
V'p Preconsolidation stress
V'pr Reference preconsolidation stress
V'p,test Preconsolidation stress evaluated from laboratory test
V'p,calc Calculated preconsolidation stress value
V'ps Perfect sampling effective stress
V'v Effective vertical stress
V'v0 Initial effective vertical stress
xiv
Acronyms
CAUC Anisotropically consolidated undrained triaxial compression test
CIUC Isotropically consolidated undrained triaxial compression test
COV Coefficient of variation
CPT Cone Penetration test
CPTu Piezocone test
CRS Constant rate of strain oedometer test
CSSM Critical state soil mechanics
FTA Finnish Transport Agency
FV Field Vane
IL Incrementally loaded
LI Liquidity index
LL Liquid limit
MASW Multichannel analysis of surface waves
NC Normally consolidated
NGI Norwegian Geotechnical Institute
OC Overconsolidated
OCR Overconsolidation ratio
PI Plasticity index
R-CPTu Resistivity piezocone
S-CPTu Seismic piezocone
SEM Scanning electric microscopes
SCE Spherical cavity expansion
SGI Swedish Geotechnical Institute
S-CPTu Seismic piezocone
SLS Serviceability Limit State
TAU Tampere University
TUT Tampere University of Technology
TX Triaxial
TXC Triaxial compression
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1 INTRODUCTION
1.1 Motivation and research objectives
Understanding the behavior of soft sensitive clays is a key aspect of geotechnical
design, particularly in those regions where constructions are planned in marine clay
areas. As an example, in Finland, one of the major geotechnical issues is represented
by the stability and excessive settlements of railway embankments located on soft
soil deposits. In particular, the need to increase the railway capacity in terms of traffic
load has a negative impact in meeting the technical requirements of the serviceability
limit state (SLS). Various research studies have been conducted by Tampere
University (TAU), formerly Tampere University of Technology (TUT), and Finnish
Transport Agency (FTA) to improve the stability calculation methods prediction
(Mansikkamäki 2015; Lehtonen 2015; D’Ignazio 2016). These studies pointed out
that the inaccuracy and uncertainties of both field and laboratory investigation data
often lead to erroneous assumption of soil parameters, thus affecting the reliability
of stability analysis. In this respect, the interpretation of field measurements as well
as the quality of laboratory tests play a key role in the evaluation of soil properties
used in the geotechnical design. At present, in Finland, the field vane (FV) is widely
employed for in situ testing. However, a recent study conducted at Tampere
University highlighted that this test often encounters many issues owing to the
apparatus configuration (e.g., down-hole versus up-hole measuring system) and
interpretation of measured data which is often characterized by low accuracy and
repeatability (Selänpää et al. 2017). Moreover, uncertainties in laboratory testing
interpretation are often encountered in low-quality undisturbed specimen retrieved
in soft soils using piston sampling techniques. Both these aspects negatively affect
the accuracy of the stability analysis and settlement prediction.
In 2014, Tampere University started conducting an extensive research program,
referred to as “FINCONE,” aiming to overcome the issues related to the
investigation in Finnish geotechnical practice.  To overcome the issues related to FV
testing and improve the quality of field investigation, the FINCONE project aimed
to promote the use of the piezocone test (CPTu). Although the CPTu is adopted
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worldwide for subsoil investigation and soil characterization, its use in Finland is still
at an early stage. In particular, the lack of experience and well-documented test sites
did not facilitate this process. Therefore, within the framework of this project, an
extensive database has been established collecting data from five different soft clay
test sites located in Finland using a piezocone penetrometer equipped with seismic
(S-CPTu) and resistivity (R-CPTu) modules. In parallel, a laboratory investigation
program comprising index tests, oedometer, and triaxial tests on undisturbed
samples has been conducted. As pointed out, the sample quality represents a key
aspect in soft clays, which may negatively affect the evaluation of strength and
deformation properties. For this reason, effort has been given in improving the
sampling operations to retrieve high-quality undisturbed samples by adopting
different apparatus and procedures. The obtained dataset has been further exploited
to verify the validity of existing CPTu-based empirical and analytical models. Among
them, the hybrid spherical cavity expansion (SCE) theory developed by Vesic (1972)
combined with critical state soil mechanics (CSSM) solutions (Wroth 1984) have
been implemented to assess the stress history of the investigated soil. Finally, the
deformation characteristics have been assessed based on the results from the one-
dimensional (1D) constant rate of strain (CRS) consolidation test. Three different
settlement calculation methods have been adopted for the interpretation of soil
compressibility, including the compression index method, tangent modulus method
(Janbu 1967), and CRS Swedish method (Sällfors 1975).
The main objectives of the present study can be summarized as:
x Enhance the quality of field investigation by promoting the use CPTu and
offering improvements to the data interpretation in Finnish clays;
x Investigate the performances of different undisturbed sampling techniques,
including an innovative Laval-type tube sampler (Di Buò et al. 2019b), two
stationary piston samplers, and the mini-block sampler (Emdal et al. 2016);
x Build an extensive database of high-quality field and laboratory tests;
x Investigate the validity of existing CPTu-based empirical correlations and
establish new models for deriving the stress history and deformation
characteristics of Finnish clays.
The present dissertation focuses mainly on the stress history and deformation
characteristics of Finnish clays, whereas a parallel study aiming to investigate the
strength properties and anisotropy is conducted by Selänpää (2020).
17
1.2 Research outline and thesis structure
The thesis is divided into the following six chapters:
x Chapter 1, Introduction.
x Chapter 2, Engineering properties of soft sensitive clays, discusses the Finnish clay
deposits’ geological origin and mineralogy as well as the fundamental aspects
of their mechanical behavior including the stress history and compressibility
characteristics.
x Chapter 3, Field and laboratory investigation, describes in detail the experimental
investigation conducted at the investigated sites with particular emphasis on
the CPTu test procedure, the adopted sampling techniques, and the
laboratory testing program.
x Chapter 4, Experimental program results, presents the field and laboratory test
results for each investigated site, focusing on the achieved test quality. In
particular, the CPTu soundings quality is evaluated in accordance with the
EN-ISO 22476-1 while the sample quality is assessed based on the Lunne et
al. (1997) criterion. Moreover, the procedures adopted to evaluate the
preconsolidation stress and deformation characteristics are presented.
x Chapter 5, Evaluation of the preconsolidation stress of Finnish clays from CPTu data,
presents an overview of existing empirical and analytical methods for the
evaluation of the preconsolidation stress from CPTu measurements. Among
them, an established CPTu analytical solution based on the SCE-CSSM
theoretical framework is employed for assessing the stress history profiles of
the investigated sites. The obtained results have been exploited to derive
simplified CPTu-based correlations valid for Finnish clays.
x Chapter 6, Deformation properties of Finnish clays, analyzes the results of CRS
consolidation tests conducted on undisturbed samples and discusses in detail
the compressibility of Finnish clays. In particular, the accuracy of existing
settlement calculation methods is assessed, pointing out the uncertainties
related to each model.
x Chapter 7, Conclusions and future works.
18
2 ENGINEERING PROPERTIES OF SOFT
SENSITIVE CLAYS
2.1 Introduction
Soft sensitive clay deposits can be found in Scandinavia, Finland, and some regions
of North America and Asia. In these regions, geotechnical design is often rather
challenging owing to the high compressibility, low undrained shear strength (su), and
high sensitivity (St) shown by the soils. In particular, sensitivity is one of the key
geotechnical parameters to consider while investigating these soils. Sensitive clays
are characterized by a relatively stiff response in their undisturbed state, turning into
a viscous liquid when remolded (Rosenqvist 1953). The sensitivity is defined as the
ratio of the su measured on the sample in its undisturbed state to the corresponding
remolded shear strength (sure) at the same natural water content (w). The term “quick
clay” refers to highly sensitive clays characterized by St of over 50 and/or sure of less
than 0.4 kPa (Rankka et al. 2004). However, it is not possible to draw up an
unambiguous definition of quick clays because of several classification systems are
proposed in the literature (Rosenqvist 1953; Bjerrum 1954; Rankka et al. 2004).
The complex mechanical behavior of soft sensitive clays is mainly owing to the
depositional and post-depositional processes that induce important transformations
in terms of structure and pore-water chemistry. The depositional environment plays
an important role in the development of soil sensitivity: most of these clays
originated in brackish environment where the high ion concentration reduces the
repulsive forces between the soil particles, allowing flocculation. The inter-particle
flocculation results in an open structure characterized by high w. In contrast, among
the post-depositional processes, salt leaching is considered one of the most relevant
factors for soil sensitivity development (Bjerrum 1954; Torrance 1974; Rosenqvist
1978). The reduction of the salt content is mainly attributable to the isostatic uplift
above the sea level of the soil deposit, which causes a direct exposure to weathering
agents (e.g., rain, water seeping upward due to artesian pressure, and salt diffusion
toward zones with lower ion concentrations). As a result of salinity decrease, the soil
structure remains unchanged but the repulsive forces increase, which strongly affects
the ability of soil particles to re-flocculate after remolding. However, since Finnish
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clays mainly originated in fresh water depositional environment, the salt leaching
cannot be considered the most relevant post-depositional process causing the
development of soil sensitivity. Thus, these aspects would require further
investigation for a better understanding of the origin of sensitive clay deposits.
Over the past decades, catastrophic landslides occurred in Canada, Norway, and
Sweden, resulting in damages of over several million dollars. On the contrary,
Finland has never experienced such significant failure events. The reason for this is
not straightforward. First, Finnish clays are characterized by different soil
morphology and geotechnical properties, which play an important role in landslides
triggering. From this point of view, Finnish clays are generally characterized by
higher w and plasticity compared to Scandinavian clays even though similarities
between Swedish and Finnish clays have been observed. Moreover, despite the
similar sensitivity and remolded shear strength values, Finnish clays require higher
amount of energy to reach the remolded configuration (Thakur et al. 2017).
Therefore, it should be important to consider the remolding energy in the definition
of soil sensitivity. Various researchers have attempted to investigate the influence of
the remolding energy in triggering large retrogressive landslides (e.g., Bishop 1971;
Tavenas et al. 1983; Thakur et al. 2017). However, to date, a standard energy-based
definition has not been proposed.
The present section outlines the geological formation and mineralogical
composition of Finnish clays, their mechanical behavior under loading, and the
existing settlement calculation methods.
2.2 Origin of Finnish clay deposits
Fine-grained soil sediments in Finland originated in the late Pleistocene, during the
retreat of the continental ice sheet in the Weichselian ice age (11,700 years ago). The
entire Scandinavian region was covered by a large ice sheet named Fenno-Scandian
that spread out from the Scandinavian Mountains to Northwest Russia, UK, and the
Netherlands. The stratigraphy of Finnish soil deposits is the result of a series of
processes that occurred during the Holocene (10,000 years ago), when the Fenno-
Scandian ice sheet retreated. The glacier meltwater accumulated between the front
of the ice sheet and the southern shores, giving rise to what currently is the Baltic
Sea. In particular, this area underwent four environmental stages in the postglacial
progression of the Baltic basin, known as Baltic Ice Lake, Yoldia Sea, Ancylus Lake,
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and Littorina Sea (Fig. 2.1). Despite the extensive studies conducted on this topic,
the process of the formation of the Baltic Sea is not completely clear. In particular,
its connection with the Atlantic Ocean during the different phases made the salinity
vary with location, depth, and time. The complex origin and development of this
area may explain the different geotechnical properties characterizing the clay
deposits located in Finland and Sweden compared with the Norwegian ones.
Figure 2.1. The Baltic Sea stages during the late- and post-Weichselia (Eronen et al. 2001).
The Baltic Ice Lake originated during the retreat of the Weichselian glacier, when
meltwater accumulated and formed a fresh water lake. At this stage, the connections
with the North Sea and the Atlantic Ocean were closed because the ground on the
entire depression rose faster than the sea level. However, a short connection with
the sea across central Sweden occurred during the Yoldia Sea stage. At the early
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stage, the depositional environment was still characterized by low salinity owing to
the heavy water flow from the continental ice sheet. The salinity increased after 200
years of the ingression of salt water, creating the condition for a brackish
depositional environment. Afterward, the isostatic uplift of the Baltic basin closed
the connection with the Atlantic Ocean and the Yoldia Sea turned into Ancylus Lake.
This stage lasted until a new connection with the North Sea was established owing
to the continuous rising of the water level of Ancylus Lake, forming the Littorina
Sea. Finally, the continuous land rise made the connection with the Ocean shallower,
thus creating the conditions for the formation of the current Baltic Sea, which is
characterized by brackish water. A detailed study on the geological formation of fine-
grained sediments in Finland was conducted by Gardemeister (1975).
It is evident that the combination of the sea water intrusion and fresh water flow
from the melting glacier created a heterogeneous depositional environment
characterized by variable salinity content. Although the salt leaching process is
considered as the main factor explaining the high sensitivity of Scandinavian marine
clays, further investigation is needed for Finnish clays.
2.3 Mineralogical composition of Finnish clays
At the present stage, the microstructural analysis results are available only for Perniö
clay, whereas the investigation for the other sites is still ongoing. Although the Perniö
site worked as a benchmark site for several research studies conducted on Finnish
clays, dissimilarities with other clays can be observed and, therefore, additional
analysis is required to have a clear overview of the mineralogical properties of
Finnish soil. Details on the geotechnical properties of Perniö clay are discussed by
Di Buò et al. (2019a).
The microstructural properties of the samples obtained at the Perniö site were
evaluated using X-ray diffraction (XRD) tests and scanning electron microscopes
(SEMs). The SEM observations were performed with Philips XL20 microscope on
samples treated using air dewatering and gilding by the Emitech K550 sputter coater.
In addition, energy dispersive X-ray spectroscopy (EDS) was performed at 20–30
kV voltage with the aim of identifying the main chemical compounds. Results are
summarized in Table 2.1.
The mineralogical composition is evaluated by means of XRD analysis performed
with a diffractometer (PW1730 X-ray generator, PW 1050/70 goniometer, and
CuKD radiation). The tested sample is preliminary treated by adding hydrogen
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peroxide and hydrochloric acid to remove the organic fraction and carbonates. Then,
the clay fraction is isolated using the Andreasen pipette. As shown in Fig. 2.2, the
sample is characterized by the presence of chlorite, mica, and quartz as the main
components. It is worth observing that results obtained from Tiller (Norway) are
characterized by similar mineralogical composition.
Finally, micrographs of the soil (Fig. 2.3) reveal that mica (Fig. 2.3a) and rosette-
like structures of chlorite (ChL, in Fig. 2.3b) are widely distributed across the
samples. In addition, diatoms are systematically detected in the observed samples
(marked with letter D in Fig. 2.3c and 2.3d). In particular, these centric diatoms are
typical in freshwater environments. Therefore, their presence is probably owing to
the depositional history of Finnish sensitive clays and, in particular, associated with
the Baltic Ice Lake phase during Pleistocene.
Table 2.1. Summary of chemical compounds, Perniö (z = 4.5 m).
Element Mass (%)
Silicon 52
Calcium 2
Aluminum 16
Iron 14
Potassium 7.5
Magnesium 3.5
Sodium 2
Other compounds 3
Figure 2.2. X-ray diffraction tests, Perniö.
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Figure 2.3. Microscopic images of Perniö clay (z = 4.5 m).
2.4 Engineering properties of soft sensitive clays
Understanding soil behavior is a crucial aspect of geotechnical design, particularly
when conducting stability and settlement analyses in soft sensitive clays. In particular,
these soils show a rather complex mechanical behavior owing to several aspects
related to the soil structure, anisotropy, and rate dependency. Therefore, to guarantee
a safe design and long-term functionality of the structures and infrastructures, the
soil models adopted in the design should account for these different features.
Nevertheless, simplified methods are preferred in common practice because the
more advanced models require expensive and time-consuming laboratory testing.
This section discusses the different aspects related to the behavior of soft
sensitive clays, with particular emphasis on yielding and compressibility.
Experimental evidence from previous research studies are presented to provide a
general framework for a better understanding of the geotechnical properties of these
soils.
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2.4.1 Stress history of natural soil deposits
Over the past decades, the yielding and compressibility properties of soft clays have
been a subject of special interest. Despite the abundant literature available on this
topic, the discussion among authors is still open. Several theories have been
proposed to describe the stress-strain behavior of soft clays and its dependency on
the strain rate.
The complex mechanical behavior shown by these clays is mainly attributable to
their stress history. Herein, the term stress history refers to the geological history and
loading memory that a soil deposit has experienced since its formation. It is generally
represented in terms of preconsolidation stress (V'p), commonly defined as the
maximum effective overburden stress sustained by the soil over its geological history.
This value defines the transition between the overconsolidated state (OC) and the
normally consolidated state (NC) of the soil behavioral response. However, the
development of the V'p may result from depositional and post-depositional processes
such as secondary compression, aging, bonding, and temperature change. In these
cases, the term vertical yield stress (V'vy) is considered more appropriate (Leroueil
and Hight 2003).
The depositional process for a natural soil deposit evolves along the virgin
compression line (VCL), as shown in Fig. 2.4. During consolidation, the in situ
vertical stress (V'v) increases and the void ratio (e) decreases as a consequence of the
overlaying soil weight. Once the in situ vertical stress (V'v0) is reached at point A
(yield point), the soil is normally consolidated and it may experience large
deformation when loaded. Differently, if the soil is subject to a constant load over a
long time period, the void ratio decreases (A–B12) owing to the secondary
compression, also referred to as “ageing” or “creep”. If the soil is further loaded, it
tends to behave as nearly elastic till reaching the yield stress (D1). In some cases, the
soil may exhibit additional strength due to bonding effect, resulting in higher yield
stress (D2). At this point, the soil structure collapse as a consequence of soil
destracturation. Differently, in case of ageing and erosion, the yield stress is reached
at point D1*, or D2* in case of additional bonding, and the soil is considered aged
and overconsolidated.
It appears to be clear that the definition of V'p is rather complex and require
careful investigation of these mentioned aspects. In common practice, the V'p is
evaluated by means of 1D consolidation tests performed on undisturbed samples.
Two different test procedures are adopted in the conventional geotechnical practice:
incrementally loaded (IL) and continuous loading oedometer testing. In the IL
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configuration, the sample is subjected to loading steps that are generally maintained
constant for 24 h, or till the end of primary consolidation, while longer testing time
is required in case of creep testing. In contrast, the constant rate of strain (CRS)
oedometer test configuration is based on a constant strain rate applied to the tested
specimen. This procedure has significantly improved the testing procedure because
it provides a continuous compression curve, thus improving the accuracy in the
evaluation of soil compressibility properties. Dissimilarities between the V'p
evaluated from laboratory testing and the in situ yielding are well-documented in the
literature. These are mainly attributable to the different stress paths and loading rates
between field and laboratory tests. In addition, sample disturbance is a key aspect in
the determination of V'p (Lunne at el. 1997; Di Buò et al. 2019b).
Figure 2.4. Schematization of the consolidation processes of natural soil deposits (Länsivaara 2017).
2.4.2 Settlement calculation methods
The evaluation of soil settlement is generally based on 1D consolidation properties
evaluated from oedometer testing. As previously noted, the introduction of the CRS
testing procedure has significantly improved the accuracy of soil deformation
properties evaluation. In this section, existing settlement calculation methods are
reviewed, including the compressibility index method, tangent modulus method
(Janbu, 1967), and CRS Swedish settlement calculation method (Sällfors 1975),
hereafter also referred to as “Janbu’s method” and “Sällfors’ method,” respectively.
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2.4.2.1 Compression index method
The compression index method is based on two parameters, the compression index
(Cc) and the recompression or swelling index (Cr). These parameters are defined
based on the linearization of the compressibility curve in the log W–e plot. In
particular, Cr describes the variation of the void ratio as a function of the change of
effective vertical stress in the OC range, whereas Cc refers to the compressibility
behavior in the NC range. Therefore, they can be obtained as follows.
C୰ = െ οୣోిο୪୭୥஢౬ᇲ (2.1)Cୡ = െ οୣొిο୪୭୥஢౬ᇲ (2.2)
Similarly, with reference to the log V'v–H plot, the slope parameters are referred to as
modified recompression index (ԑ) and modified compression index (O), defined as:
ԑ = οகోిο୪୭୥஢౬ᇲ = େ౨ଵାୣబ (2.3)
ɉ = οகొిο୪୭୥஢౬ᇲ = େౙଵାୣబ. (2.4)
Table 2.2 presents a summary of some existing correlations that are widely used in
common practice. It is important to consider several aspects when using the
compression index method. First, the parameters Cr and Cc are arbitrary fitting
values based on the consolidation test results, which have no physical meaning.
Moreover, in case of low-quality samples, the evaluation of V'p from the stress-strain
plot is rather difficult (Fig. 2.5). In relation to this, several interpretation methods
have been proposed in the literature to determine the V'p (e.g., Casagrande, 1936;
Sällfors 1975). Finally, the compression index method is characterized by several
issues when applied to soft sensitive clays. These clays show highly nonlinear
behavior beyond the V'p in the log V'v–e plot. Therefore, the assumption of a
constant value Cc would not be representative for the entire NC range. This concept
is summarized in Fig. 2.6, which presents the CRS oedometer test result from Perniö
clay (Finland). Based on the experimental result, Cc is evaluated considering three
different stress ranges (V'p + 10 kPa; V'p + 20 kPa; V'p + 50 kPa). Note that the Cc
value is considerably high just beyond V'p, thus decreasing when the virgin
compression line is reached. These aspects should be considered when performing
settlement analysis in sensitive clays employing the compression index method.
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Table 2.2. Existing correlations for evaluating the compression index Cc.
Proposed equation Reference
Cc = 0.007(wL-10) Skempton and Jones (1944)
Cc = 0.017(wL-20) Shouka (1964)
Cc = (wL-13)/109 Mayne (1980)
Cc = 0.01 w Koppula (1981)
Cc = 0.85(w/100)1.5 Helenelund (1951)
Cc = 0.01(w-7.549) Herrero (1983)
Figure 2.5. Schematization of the compressibility of natural clays.
Figure 2.6. Application of the compression index method on CRS consolidation test result from
Perniö, Finland (Di Buò et al. 2019c).
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2.4.2.2 Tangent modulus calculation method
The tangent modulus method, also known as “Janbu method” (Janbu 1967), is
widely used in soft sensitive clays. It was developed by Janbu in the early 1960s to
model the stress-strain behavior of cohesive and cohesionless soils in 1D constrained
conditions. By observing the behavior of different soils (Fig. 2.7), Janbu developed
a method to model the constrained modulus (M) as a function of the effective stress
based on two dimensionless parameters: a modulus number (m) and a stress
exponent (E, as follows:
M = ப஢பக = mɐୟ ቀ஢౬ᇲ஢౗ቁଵିஒ, (2.5)
where Va is the reference stress, which is equal to 100 kPa. Considering the different
behavior in the NC and OC range, the constrained modulus can be expressed as:
M = mଶɐୟ ቀ஢ᇲ஢౗ቁଵିஒమ for V'v0 < V' < V'p (2.6)
M = mଵɐୟ ቀ஢ᇲ஢౗ቁଵିஒభ for V' > V'p (2.7)
where m1, E1, m2 and E2 are the material parameters the OC and NC range,
respectively. Therefore, the Janbu expression for strain can be obtained as:
ɂ = ׬ ଵ୑ dɐᇱ஢౜ᇲ஢౬బᇲ , (2.8)
where V'f is the final effective vertical stress reached after loading. Based on this
formulation, the vertical strain can be derived by substituting (2.6) and (2.7) into
(2.8), thus obtaining
ɂ୓େ = ଵ୫మஒమ ቈቀ஢ᇲ஢౗ቁஒమ െ ቀ஢౬బᇲ஢౗ ቁஒమ቉. for V'v0 < V' < V'p (2.9)
ɂ୒େ = ଵ୫భஒభ ቈቀ஢ᇲ஢౗ቁஒభ െ ቀ஢౦ᇲ஢౗ቁஒభ቉. for V' > V'p (2.10)
Note that the value of the stress exponent defines the soil type. In particular, the
dependency between the constrained modulus and the effective stress can be defined
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by the value of E. As an example, by setting E= 1, the constrained modulus is
assumed as a constant value:M = m ɐୟ = m 100. (2.11)
This is the case of overconsolidated clays and rock. Similarly, E= 0 leads to a linear
stress-dependent modulus:M = m ɐ୴ᇱ . (2.12)
Therefore, the Janbu method has the capability to describe several stress-strain
relationships. These are summarized in Table 2.3.
Table 2.3. Schematization of the Janbu method for different soil types (according to Canadian
Foundation Engineering Manual, 1992).
Soil type Ƣ Strain formula
OC clays and rock 1 ɂ = ο஢౬ᇲ୫ ஢౗
NC sand and silt 0.5
ɂ = ଶ୫ ቈට஢౜ᇲ஢౗ െ ට஢౬బᇲ஢౗ ቉
NC clay, silt, and silty or clayey sand 0 ɂ = ଵ୫ ln ቀ ஢౜ᇲ஢౬బᇲ ቁ
Highly sensitive and quick clays î0.5 ɂ = ଶ୫ ቈට ஢౗஢౬బᇲ െ ට஢౗஢౜ᇲ ቉
Figure 2.7. Stress-strain relationships for different soil types (Janbu 1967).
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In particular, considering the behavior of soft sensitive clays, the oedometer modulus
can be modeled as a constant value in the OC region while it is stress-dependent in
the NC region. Therefore, the stress exponent in the OC region (E2) can be assumed
to be equal to 1, thus obtaining two different equations.
M୒େ = ப஢பக = mଵɐୟ ቀ஢ᇲ஢౗ቁଵିஒభ for V' > V'p (2.17)M୓େ = ப஢பக = mଶɐୟ ቀ஢ᇲ஢౗ቁଵିஒమ = mଶ 100 for V'v0 < V' < V'p (2.18)
Typical values of the modulus number m2 for different soil types are summarized in
Table 2.4. The variability is wide, from 1000 to values close to 1 for very soft clays
or peats.
Table 2.4. Values of modulus number for different soil types (according to Canadian Foundation
Engineering Manual, 1992).
Soil type Modulus number, m
Very dense till, glacial till 1000–300
Gravel 400–40
Dense sand 400–250
Loose sand 150–100
Dense silt 200–80
Loose silt 60–40
Very stiff clay 60–20
Medium to stiff clay 20–10
Soft marine clays 20–5
Organic clays 20–5
Peats 5–1
2.4.2.3 CRS Swedish settlement calculation method
Similarly to the Janbu method, the CRS Swedish settlement calculation method
proposed by Sällfors (1975) is based on a continuous M derived from the CRS
consolidation test. As observed from CRS oedometer testing on soft sensitive clays,
the constrained modulus can be assumed as a constant value (M0) up to V'p. Once
the V'p is reached, the constrained modulus drops to a minimum value (ML), which
remains constant until the limit stress V'L. After a further increase in stress, the
modulus starts increasing linearly with the stress (M' = 'M/'V). This formulation
divides the constrained modulus curve into three parts (Fig. 2.8), defined as follows.
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 ൌ ଴ for < V' < V'p (2.19)
 ൌ ୐ for V'p < V' < V'L (2.20)
 ൌ ୐ ൅ᇱሺɐᇱ െ ɐ୐ᇱ ሻ for V' > V'L (2.21)
Based on the formulation provided, the vertical strain can be derived as follows.
ɂ୴ ൌ
஢ᇲି஢బᇲ
୑బ
for < V' < V'p (2.22)
ɂ୴ ൌ
஢౦ᇲ ି஢బᇲ
୑బ
൅ ஢
ᇲି஢౦ᇲ
୑ై
for V'p < V' < V'L (2.23)
ɂ୴ ൌ
஢౦ᇲ ି஢బᇲ
୑బ
൅ ஢ై
ᇲ ି஢౦ᇲ
୑ై
൅ ଵ୑ᇲ  ቂ
୑ᇲሺ஢ᇲି஢ైሻ
୑ై
൅ ͳቃ for V' > V'L (2.24)
The Sällfors method has been mainly adopted in the Swedish geotechnical practice.
However, for the purpose of this thesis, comparisons between the different methods
based on the CRS experimental results are made. These aspects are analyzed in detail
in chapter 6.
Figure 2.8. Schematization of the CRS Swedish method.
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3 FIELD AND LABORATORY INVESTIGATION
3.1 Experimental program objectives
The present study is based on an extensive experimental program conducted at five
soft clay sites located in the southern region of Finland. These sites have been
selected based on the indications provided by the FTA among the sites along the
Finnish railway track affected by stability and settlement issues. Despite similar
geological origin and formation, the sites are characterized by different geotechnical
properties in terms of St, w, PI, and clay fraction. A database of clays characterized
by a wide range of geotechnical properties is therefore established.
As mentioned earlier, one of the main objectives of this study is to promote the
use of the piezocone test in Finnish geotechnical practice. To this end, collecting
data from several Finnish sites is fundamental to assess existing CPTu-based
correlations proposed in the literature and to develop new analytical models for
evaluating the soil stress history and deformation properties. Indeed, existing
correlations have to be validated when applied to different geological contexts. These
aspects have been extensively investigated in the present study. At the same time,
the anisotropy and strength properties have been investigated during a parallel
research study conducted by Selänpää et al. (2020).
The experimental program conducted at Tampere University comprises a
preliminary field investigation followed by extensive laboratory testing. To obtain
high-quality undisturbed samples from the tested sites, particular attention has been
paid to the sampling operations. It is widely acknowledged that sample disturbance
has a key role in the determination of reliable geotechnical parameters. Several
studies have highlighted the difficulties encountered in obtaining high-quality
undisturbed samples from soft sensitive clay sites (Lunne et al. 1997; Lunne et al.
2006; Di Buò et al. 2019b). Therefore, in this study, several sampling methods have
been employed and their performance is assessed based on the Lunne et al. (1997)
criteria applied to oedometer and triaxial test results. This section outlines the
equipment and procedures adopted during the field and laboratory testing program
and the sampling operations conducted at the sites to retrieve high-quality samples.
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3.2 Cone penetration test (CPT)
Among the vast number of traditional investigation methods, CPT represents one
of the most versatile, economical, and reliable in situ tests. By recording near-
continuous measurements with depth, it provides excellent stratigraphic details and
information for estimating a wide range of geotechnical parameters. The most
significant breakthrough in the CPT was represented by the introduction of the pore-
water pressure transducer in the penetrometers, resulting in the modern piezocone
configuration. Therefore, the standard piezocone sounding includes the
measurement of three parameters: the cone tip resistance (qc), the sleeve friction (fs),
and the excess pore-water pressure (u2). Recently, a number of research studies have
focused on the development of sensors to be installed within the penetrometers,
including electrodes, geophones, temperature, and pH sensors, to collect additional
data. Among them, the seismic and resistivity modules have been widely employed
for dynamic and geo-environmental applications.
The role of the piezocone in field investigation depends on the project
requirements and associated risks. In particular, the evaluation of geotechnical risk
is based on the hazards, probability of occurrence, and consequences (Robertson
1998). As suggested by Hight and Leroueil (2003), the level of sophistication for a
site characterization program is based on the local experience, design objectives,
project-associated risks, and potential cost saving. As an example, for high-risk
projects, the CPT is generally used for the preliminary screening to determine the
sub-surface stratigraphy and identify the soil type, thus providing useful information
for the sampling program. However, for moderate- to low-risk projects, the CPTu
data can be used for evaluating the geotechnical parameters and, in particular cases,
for direct geotechnical design. The perceived applicability of CPTu in deriving the
soil parameters depends on several factors, including the soil type and the confidence
level within the geological context. Clearly, CPTu-based predictions must be verified
and validated to match the local soil conditions. Therefore, especially in a complex
geological context, where interpretation of CPTu data is rather difficult, it should be
followed by selective high-quality sampling and advanced laboratory testing.
In Scandinavia, the piezocone is one of the most employed tools for field
investigation, employed for both onshore and offshore research projects. In
contrast, in Finland, the use of CPTu is still in an early stage. There are several
possible explanations for this. First, in Finnish geotechnical practice, the FV test has
been widely used as the traditional in situ test; therefore, FV-based correlations for
the evaluation of su are considered reliable for the geotechnical design. Moreover,
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the lack of experience in piezocone testing leads to uncertainties when applying the
existing correlations in Finnish soil conditions. Therefore, this study has been
conducted to derive CPTu-based correlations valid for Finnish clays and hence
promote the use of the piezocone in geotechnical investigation and design.
3.2.1 CPTu equipment
A CPT system includes an electrical penetrometer, a hydraulic pushing system with
rods, cable, or transmission device, a depth encoder, and a data acquisition system.
The pushing equipment comprises push rods of 1-m length, thrust mechanism, and
reaction system. In particular, a CPT penetrometer rig based on a crawler
undercarriage (Fig 3.1) has been used to perform the CPTu soundings at the sites
investigated in the present study. The crawler is equipped with three jacking cylinders
for raising the apparatus up to 0.5 m for leveling before testing. A hydraulic jacking
system supplied from the engine is used to transfer the total load on the top of the
push rods by a thrust head. The CPT crawler itself has a relatively high self-weight
(12 tons) and serves as a counterweight to provide the required penetrative force.
Figure 3.1. A.P. van den Berg CPT crawler employed for the investigation.
The standard cone penetrometer (Fig. 3.2), designed by A.P. van den Berg and
referred to as Icone, includes a three-channel instrumented steel probe that measures
the cone tip resistance (qc), sleeve friction (fs), and pore-water pressure (um). The
filter element for measuring the pore-water pressure is located at the shoulder, just
behind the cone tip (u2, type 2). The instrumented probe comprises a 60° apex
conical tip, with a cross-sectional area (Ac) of 10 cm2 and a sleeve area (As) of 150
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cm2. An inclinometer sensor is embedded within the cone for measuring the probe
inclination during penetration. Two electrical cones of different capacities have been
used during the field investigation: a high capacity cone (75 MPa) and a lower
capacity cone (7.5 MPa), hereinafter referred to as “sensitive” cone. The sensitive
cone is characterized by higher measurement accuracy and is therefore considered
more suitable in soft soil conditions. The cones are temperature-compensated in the
range between 10° and 40°. The technical features of the instrumented cones are
summarized in Table 3.1. The equipment used for the field investigation, as well as
the test procedure, meet the requirements of the European Standards (EN ISO
22476-1). However, it is worth observing that the fs measurement accuracy is 2 kPa
for the sensitive cone and 3 kPa for the high-capacity cone. In soft clays, the fs is
generally very low, with values lower than 1 kPa and, therefore, higher accuracy is
needed. Unfortunately, in this study, the use of the fs measurements was very limited
due to the above mentioned issues. An ongoing study conducted by Di Buò et al.
(2020) highlights the influence of the sleeve sensor inaccuracy on the evaluation of
soil parameters. These aspects are addressed later in the thesis.
Figure 3.2. A.P. van den Berg piezocone.
Table 3.1. Technical features of the high-capacity and sensitive piezocones.
High-capacity cone
qc fs u2 Inclination
Maximum capacity 75 MPa 1 MPa 2 MPa 20°
Accuracy 0.13% (100 kPa) 0.3% (3 kPa) 0.25% (5 kPa) 0.5°
Sensitive cone
qc fs u2 Inclination
Maximum capacity 7.5 MPa 0.15 MPa 2 MPa 20°
Accuracy 0.2% (15 kPa) 0.7% (2 kPa) 0.25% (5 kPa) 0.5°
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3.2.2 Additional modules
The field investigation has been conducted using two additional modules connected
directly behind the cone (high capacity or sensitive) with a small coupling piece.: the
seismic and resistivity modules. The seismic piezocone test (S-CPTu) has been
largely employed to evaluate the small strain shear modulus (G0) based on the shear
wave velocity (vs) measurement. G0 is an important dynamic soil property used in
different applications in geotechnical and earthquake engineering, including seismic
site response analysis, soil-structure interaction, foundation design for vibrating
equipment, and dynamic behavior analysis of offshore structures during wave
loading. Typically, the vs profile is evaluated using different techniques, including
down-hole, cross-hole, and multichannel analysis of surface waves (MASW). The
basic principle is to measure the wave travel time by placing a source on the ground
surface and geophones into a borehole (down-hole configuration) or by measuring
the velocity of seismic waves between boreholes (cross-hole configuration). The S-
CPTu offers an economical down-hole solution as the vs is recorder during the
sounding. In particular, the seismic module contains three accelerometers arranged
in three perpendicular directions (X, Y, and Z) to receive horizontal and vertical
waves. The seismometer is oriented transverse to the signal source to detect the
horizontal component of the shear wave arrivals. The test is performed at 1-m
intervals while the cone penetration is stopped. Shear and compression waves are
generated by striking a metal plate rigidly placed at the ground surface. The plate is
hit with the hammer in two opposite directions to generate “right” and “left”
polarized shear waves and in the vertical direction to generate compression waves.
To ensure that the seismic measurements are not affected by any background noise,
the CPT rig is stopped during the test execution. The vs value is calculated by dividing
the incremental traveling distance to the geophone by the incremental arriving time
between successive recorded shear waves (Campanella et al. 1986).
vୱ = ୐మି୐భ୲మି୲భ = ο୐ο୲ (3.1)
Here, L1 and L2 are the distances between the source beam and the cone sensor for
the first and second depth, respectively, and t2 and t1 are the shear wave arrival time
for the first and second depth, respectively (Fig. 3.3). The exact time of the strike is
obtained by an electronic trigger attached to the metal plate. In this study, the cross-
over (or reverse polarity) method has been adopted to compute the travel time ('t).
By hitting the metal plate in two opposite directions, two reversed shear wave signals
37
are generated. The arrival time of the shear wave is evaluated by identifying the first
cross-over point where the main shear wave arrives and changes sign. Therefore, the
time interval is determined by subtracting the arrival time for the first depth from
that of the second depth (Robertson et al. 1986; Liao and Mayne 2006). The
reliability of the method is ensured using two shear wave measurements to determine
the cross-over shear wave velocity. However, the evaluation of the time intervals
based on only a single point is time consuming and can be affected by personal
judgment.
Figure 3.3. S-CPTu measurement schematization (from conetec.com).
The conductivity module is used for measuring variations of the soil electrical
conductivity. It have been used for many purposes, e.g., evaluation of soil properties
such as porosity and density, identification of contaminated soils, and evaluation of
water content. In Scandinavia, considerable research interest is attracted by the
conductivity module for soil mapping and detecting the presence of quick clay layers
(Bazin and Pfaffhuber 2013; Solberg et al. 2008). Indeed, the conductivity module is
considered as a powerful tool to evaluate the presence of salt or fresh water, which
can be related to the presence of leached marine clays within the deposit.
The conductivity module comprises four electrode rings, isolated from each other
by ceramic insulators. A known current (I) is generated through the soil between the
outer electrodes using a controlled voltage source embedded in the module. The
current varies during penetration to maintain a constant value of voltage difference
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(V) across the inner electrodes. The conductivity (K) is expressed in milliSiemens per
meter (mS/m) and is calculated as follows:
K = େ ୍୚ , (3.2)
where C is the calibration factor.
3.2.3 Test procedure
This section details the procedures adopted for performing CPTu soundings at the
investigated sites. The operations were performed to meet the requirements
established in the ISO 22476-1. To ensure the highest quality class, the calibration
and maintenance of the penetrometers were ensured by the manufacturer on a
regular basis and before each investigation campaign.
To obtain reliable pore-pressure response during cone penetration, the saturation
of the filter element has to be ensured. In piezocone testing, this represents one of
the most important issues affecting the quality of the measured data. Indeed, poor
preliminary saturation or desaturation of the filter element may occur while
penetrating stiff layers. The filter element used in the investigation is made of
stainless steel, and it was replaced after each sounding to avoid clogging problems,
which are common in plastic clays. The saturation procedure consists in submerging
the cone tip into a silicon oil bath in a fully closed environment provided by a
vacuum device (Fig. 3.4). The deaeration operation was performed in different stages
by opening and closing the aeration valve. This procedure is suggested to fully
saturate the space between the pressure sensor inside the cone and the outside of
the filter, particularly when the penetrometer is characterized by a female plug on
the tip unit. In addition, to avoid possible desaturation when penetrating the dry
crust layer, a predrilling borehole is made. This procedure has been adopted for all
the soundings performed at the test sites.
Before and after the sounding, “zero-readings” of each measuring channel were
recorded. The difference between these values, also called “zero-shift,” is important
to detect possible damages and calibration errors as well as to define the quality class
of each test. Once the preliminary stage is complete, the test can be started. The
standard rate of testing is at a constant push of 20 mm/s applied in 1-m increments
owing to the standard cone rod length. Therefore, every one meter, the test is
stopped and the next rod is added. During this break, intermittent testing can be
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conducted, including the dissipation test and down-hole shear wave velocity
measurement. Finally, once the final depth is reached, the test is stopped and the
piezocone is recovered by pulling it upward and dissembling each rod.
Figure 3.4. Details of piezocone saturation: a) A.P. van den Berg vacuum device; b) silicon oil bath.
3.2.4 CPTu data correction
The axial force at the cone tip (Fc) is measured using an internal load cell, whereas
the axial force along the sleeve (Fs) is recorded by an additional load cell. Therefore,
the cone tip resistance is obtained by dividing the measured axial force by the cross
sectional area (qc = Fc/Ac). However, this value must be corrected to take into
account the pore-water pressures acting on unequal tip areas of the cone. This
correction is significant in soft to stiff clayey soils (Jamiolkowski et al. 1985;
Robertson and Campanella 1988; Lunne et al. 1997). The corrected cone tip stress,
indicated as qt, is determined as follows.q୲ = qୡ + uଶ(1െ a) (3.3)
Here, a is the net cone area ratio, which is equal to the ratio of the cross-sectional
area of the load cell or shaft (An) divided by the projected area of the cone (Ac), as
shown in Fig. 3.5. This parameter is generally provided by the cone manufacturer
based on geometrical considerations and a calibration procedure. However, to
determine the proper value of the parameter a, a proper calibration test was repeated
in the laboratory. This procedure involves applying an all-round water pressure to
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the cone suspended in the chamber triaxial device. Readings of qc are taken as the
cell pressure increases. By plotting the cone resistance against the applied cell
pressure, the cone area ratio can be determined as the slope value of the plotted line.
The results of the calibration procedure of the cones used for the investigation
related to the cone tip resistance and pore-water pressure are shown in Fig. 3.6.
Results show that the cone factor provided by the manufacturer appears to be
inaccurate and therefore, the piezocone data interpretation was conducted by
considering a = 0.83. For the high-capacity cone, the suggested value of a = 0.75 is
used because the calibration procedure has not been performed.
Figure 3.5. Pore-water pressure effects on measured parameters (Lunne et al. 1997).
Figure 3.6. Results of the Van den Berg sensitive cone calibration procedure for the evaluation of the
parameter “a.”
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3.2.5 CPTu data quality
Before using the CPTu data for the interpretation of soil parameters, it is
fundamental to evaluate the quality of each sounding. Most modern cones involve
temperature-compensated strain gauge load cells that provide high accuracy and
excellent repeatability with relatively little non-linearity and hysteresis. These aspects
are illustrated in Fig. 3.7. However, tests have shown that the output of the sensors
at zero load can be different than zero, thus creating a zero load drift as shown in
Fig. 3.7. This value can significantly affect the measurement accuracy in soft clays.
Therefore, in common practice, zero load readings are recorded at the start and end
of each sounding.
Figure 3.7. CPTu measurement quality with indication of the zero load drift (Robertson 2013a).
To assess the quality of CPT measurements, the EN-ISO 22476-1 standards specify
four different application classes defining allowable minimum values for each
parameter that should not be exceeded. In this study, the application class of each
CPTu sounding is evaluated based on the requirement of EN-ISO 22476-1 (Table
3.2). The maximum total error related to each parameter is determined as the sum
of the zero load drift and the sensor accuracy and compared to the allowable value
of the relative application class. Results are presented in chapter 4.
42
Table 3.2. CPTu application classes with allowable minimum accuracy according to the EN-ISO
22476-1.
Application
class
Test
type
Measured
parameter
Allowable
minimum
accuracy a
Maximum
measurement
interval
Use
Soil b interpretation c
1 TE2
Cone resistance 35 kPa or 5%
20 mm A G,H
Sleeve friction 5 kPa or 10%
Pore pressure 10 kPa or 2%
Inclination 2º
Penetration length 0.1 m or 1%
2 TE1
TE2
Cone resistance 100 kPa or 5%
20 mm
A
B
C
D
G,H*
G,H
G,H
G,H
Sleeve friction 15 kPa or 15%
Pore pressure 25 kPa or 3%
Inclination 2º
Penetration length 0.1 m or 1%
3
TE1
TE2
Cone resistance 200 kPa or 5%
50 mm
A
B
C
     D
G
G,H*
G,H
G,H
Sleeve friction 25 kPa or 5%
Pore pressure 50 kPa or 5%
Inclination 5º
Penetration length 0.2 m or 2%
4 TE1
Cone resistance 500 kPa or 5%
50 mm
A
B
C
D
G*
G*
G*
G*
Sleeve friction 50 kPa or 20%
Penetration length 0.2 m or 1%
Notification:
a The allowable minimum accuracy of the measured parameter is the larger value of the two quoted. The relative accuracy
applies to the measured value and not the measuring range.
b According to ISO 14688-2 [1].
A: homogeneously bedded soils with very soft to stiff clays and silts (typically qc < 3 MPa)
B: mixed bedded soils with soft to stiff clays (typically qc  3 MPa) and medium dense sands (typically 5 MPa d qc < 10 MPa)
C: mixed bedded soils with stiff clays (typically 1.5 MPa d qc < 3 MPa) and very dense sands (typically qc > 20 MPa)
D: very stiff to hard clays (typically qc  3 MPa) and very dense coarse soils (qc  20 MPa)
c G: profiling and material identification with low associated uncertainty level
G*: indicative profiling and material identification with high associated uncertainty level
H: interpretation in terms of design with low associated uncertainty level
H*: indicative interpretation in terms of design with high associated uncertainty level
d Pore pressure can only be measured if TE2 is used.
TE1: cone penetration tests with measurement of cone resistance (qc) and sleeve friction (fs)
TE2: cone penetration tests with measurement of cone resistance (qc), sleeve friction (fs), and pore pressure (u2)
3.2.6 CPTu interpretation in fine grained soils
In geotechnical practice, the CPTu has three main applications: (i) stratigraphic
profiling, (ii) estimation of the geotechnical parameters, and (iii) direct geotechnical
design. By providing near-continuous data measurement, the CPTu is particularly
suitable for the preliminary profiling of the investigated site and identification of the
soil type. Then, additional information is collected from other field and laboratory
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tests. However, it has been shown that a wide range of parameters can be derived
from CPTu data, including strength, stiffness, and permeability (k) of the
investigated soil. A unified approach in the interpretation of CPTu data is presented
by Robertson (2009), where a variety of soil parameters is addressed. In particular,
Robertson (2013b) investigated the perceived applicability of CPTu in deriving
geotechnical parameters in different soil conditions (Table 3.3).
Table 3.3. Applicability of the CPT in deriving soil properties (Robertson 2013b)
Soil type
Initial state parameters
Strength
parameters
Deformation
characteristics*
Permeability
ƣ Ƹ K0 OCR St su I' E,G M G0 k ch
Fine-
grained 2-3 2-3 1 2-3 1-2 4 2-3 2-3 2-3 2-3 2-3
Coarse-
grained 2-3 2 4-5 4-5 2-3 2-3 2-3 2-3 3 3-4
*improved when using S-CPTu
Applicability: 1, high reliability; 2, high to moderate; 3, moderate; 4, moderate to low; 5, low reliability
The CPTu has been widely used for estimating the stress history and su of fine-
grained soils. Indeed, the CPT is performed in clayey soils in undrained condition;
therefore, the prediction of the effective parameters (e.g., effective friction angle) is
not accurate. In addition, the stiffness parameters are characterized by high
uncertainty. However, improvements can be achieved using additional sensors, such
as the seismic module, which allow for the measurements of vs.
Since its introduction in geotechnical practice, the CPT has been used for
profiling and identifying the soil type. Several authors proposed classifications
systems that link the cone parameters (qc and fs or Fr) to the soil type (Begemann
1965; Robertson et al. 1986; Robertson 1990). It was observed that fine-grained soils
generally show high Fr and low qc, whereas coarse-grained soils are characterized by
high qc and low Fr. These classification charts have been used over the past decades
and subjected to modifications and improvements. Among them, the soil behavior
type (SBT) chart proposed by Robertson et al. (1986) has become quite popular. The
chart shown in Fig. 3.8 identifies 12 types of soil based on the qt and Fr values.
Robertson (1990) pointed out that this classification system depends on the in situ
soil behavior and is based on the strength, stiffness, and soil compressibility. In
contrast, the unified soil classification system (USCS) is based on the grain-size
distribution and soil plasticity; therefore, it is not capable of considering the soil
mechanical behavior. However, in most cases, there is a fairly good agreement
between the USCS-based classification and the CPT-based SBT (Molle 2005).
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Figure 3.8. Soil behavior type (SBT) chart (Robertson et al. 1986).
Recently, normalized SBT charts have been introduced to consider the influence of
the increasing vertical stress on the CPT parameters. It is clear that the measured qc
tends to increase with the increasing overburden pressure. Similarly, when the cone
is pushed at great depth, the measured excess pore pressure can be very high. The
normalization should also account for the influence of the horizontal effective stress
(V'h0), even though this aspect is generally neglected in common practice. Nowadays,
these charts are widely used because the available pushing equipment allows CPT
soundings to be performed at a depth of over 100 m. In particular, the differences
between not normalized and normalized charts are evident when the value of V'v0
exceeds 150 kPa. Based on the theoretical work of Wroth (1984), Robertson (1990)
developed two charts based on the normalized parameters Qt, Fr, and Bq, defined as
follows.
Q୲ = ୯౪ି஢౬బ஢౬బᇲ (3.4)F୰ = ቀ ୤౩୯౪ି஢౬బቁ  x 100 (3.5)B୯ = ୳మି୳బ୯౪ି஢౬బ = ο୳୯౪ି஢౬బ (3.6)
Here, Vv0 is the in situ vertical total stress,V'v0 in the in situ effective vertical stress,
u0 is the hydrostatic pore-water pressure, and 'u2 is the excess pore-water pressure.
The charts are illustrated in Fig. 3.9.
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Figure 3.9. Normalized SBT chart (Robertson 1990).
Jeffries and Davies (1993) identified that the boundaries in the SBT chart can be
assimilated to concentric circles. Therefore, they introduced an SBT index (Ic) by
combining Qt and Fr, which represents the radius of these circles. The introduction
of Ic allows for an easier representation of the soil type, which can be defined based
on a single parameter. Robertson and Wride (1998) modified the definition of Ic to
apply to the Qt–Fr chart proposed by Robertson (1990), thus obtaining the following
equation.
Iୡ = ඥሾሺ3.47െ logQ୲ሻଶ + ሺlog F୰ + 1.22ሻଶሿ (3.7)
As shown in Fig. 3.10, small values of Ic indicate that the soil behaves as coarse-
grained soil, whereas clayey soils are characterized by higher values of Ic. The
transition between sands and clays is generally set by Ic = 2.60. Moreover, Jeffries
and Davies (1993) pointed out that Ic is primarily controlled by soil compressibility,
which can be linked to the soil plasticity; highly compressible plastic clays are
characterized by Ic > 2.60.
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Figure 3.10. Contours of Ic on a normalized soil behavior type (SBTn) chart (Robertson 1990).
The proposed normalization is observed to work fairly well in clays, whereas it is not
suitable in coarse-grained soils. As an example, in clean sands, the qc tends to increase
non-linearly with the increasing overburden pressure. Therefore, Robertson and
Wride (1998) and the update by Zhang et al. (2002) suggested a normalized cone
parameter with a variable stress exponent (n), defined as follows.
Q୲୬ = ቂሺ୯౪ି஢౬బሻ୮౗ ቃ ቀ ୮౗஢౬బᇲ ቁ୬ (3.8)
Here, pa is the atmospheric pressure expressed in the same unit as qt and Vv0. This
normalized chart is indicated hereinafter as SBTn. Note that for n = 1, Qtn = Qt.
Robertson (2009) proposed a methodology to estimate the stress exponent based
on the Ic and effective overburden stress, defining the stress exponent as follows:
n = 0.38ሺIୡሻ+ 0.05 ቀ஢౬బᇲ୮౗ ቁ െ 0.15, (3.9)
where n  1.0. The proposed updated contours are shown in Fig. 3.11. As discussed,
the stress exponent ranges between 0.5 and 0.9 for most coarse-grained soils,
whereas it is equal to 1.0 in the clay region.
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Figure 3.11. Contours of the stress exponent (n) on normalized SBTn chart (Robertson 2009).
3.3 Undisturbed sampling
Geotechnical sampling aims to obtain soil specimens for the geotechnical
characterization of the investigated soil. The main objective of the laboratory tests is
to define the properties of the tested geomaterials for modeling geotechnical
engineering problems. The development of advanced testing techniques in terms of
equipment and data interpretation has increased the confidence level of laboratory
testing. However, limitations owing to the sample quality can be encountered in
particular geological contexts. The role of sample quality in geotechnical
investigation depends on the laboratory test class. In particular, class 1 includes
characterization tests aiming to evaluate the physical and chemical soil composition
(e.g., particle size distribution and XRD analysis). Class 2 tests aim to determine soil
state variables such as porosity, degree of saturation, and soil fabric. Finally,
laboratory tests performed to evaluate the soil mechanical properties such as
strength, stiffness, compressibility, and permeability belong to class 3. To obtain
representative soil parameters from laboratory tests, the retrieved samples must
preserve the in situ conditions. In particular, higher sample quality is needed for
laboratory tests belonging to class 3.
The issues related to undisturbed sampling have been extensively investigated for
many years. Several studies have pointed out the difficulties encountered in retrieving
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high-quality samples from soft clay deposits and the resulting implications in terms
of quality and reliability of laboratory test data (e.g., Hvorslev 1949; Lunne et al.
2006; Karlsrud and Hernandez-Martinez 2013; Karlsson et al. 2016; Mataic 2016; Di
Buò et al. 2019b). It is well recognized that all key design parameters such as
compressibility, yield stress, and undrained shear strength are influenced by the
disturbance induced during sampling operations and laboratory testing. The term
sample disturbance accounts for all the undesired processes that cause alterations
from the sample in situ condition. Except for the inevitable stress release
experienced by the sample from the in situ to laboratory stress state, other
disturbance factors can be limited and, in some cases, avoided using proper
equipment and correctly following the sampling procedures (Lunne et al. 2006; Di
Buò et al. 2019b). Therefore, several undisturbed sampling techniques have been
developed over the past decades to minimize sample disturbance.
In this section, the causes of sample disturbance and their impact on laboratory
test results are discussed. Moreover, details on the sampling program conducted at
the investigated sites, including sampling apparatus, testing procedures, and sample
storage are presented.
3.3.1 Causes of disturbance of soft sensitive clays
The sampling process includes several stages that contribute to the disturbance
induced in the obtained sample. Hight (2003) summarized the factors associated with
soil disturbance as (i) changes in the soil stress state, (ii) mechanical deformation, (iii)
moisture content redistribution, (iv) chemical reactions, and (v) mixing and
segregation of soil components. Similarly, Ladd and DeGroot (2003) illustrate the
potential sources of sample disturbance by means of a hypothetical stress path
experienced by the soil during tube sampling and specimen preparation (Fig. 3.12).
During borehole drilling (path 1–2), the soil at the bottom of the hole is subjected
to a significant stress relief owing to the total vertical stress (Vv) reduction. The stress
path passes through a particular stress state defined as “perfect sampling effective
stress” (V'ps) that is characterized by deviator stress equal to zero. The path 2–3–4–
5 illustrates the stress changes during tube sampling. Baligh et al. (1987) showed that
the centerline soil initially experiences shear in compression (path 2–3), followed by
shear in extension as it enters the tube (path 3–4) and compression once inside the
tube (path 4–5). Path 5–6 refers to tube extraction, which causes significant
disturbance to the soil located at the top and bottom of the sample. Path 6–7
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represents the stress experienced by the soil during transportation and storage. In
particular, during transportation, the soil can be subjected to severe disturbance
owing to vibrations and temperature changes. During the storage, pore pressure
dissipation in the distorted zones located in the external zone of the sample can
occur, leading to a decrease in the overall effective stress. The sample extraction
(path 7–8) causes additional disturbance owing to the bonding developed in the
interface between the soil and the tube. Finally, during specimen preparation (path
8–9), the soil experiences a further decrease in effective stress owing to trimming
and handling, thus reaching the final stress state (point 9, V's). Ladd and Lambe
(1963) showed that the total decrease in the sample effective stress can be well above
80% of the in situ stress. Despite further reconsolidation at the in situ stress, the
disturbance induced by the sampling process may cause significant volumetric
changes and soil destructuration, thus resulting in unrepresentative stress-strain
behavior shown during laboratory tests.
Figure 3.12. Hypothetical stress-path followed by a soil specimen during sampling (Ladd and DeGroot
2003).
Among all these factors, particular attention has been given to understand the effect
of stress relief in a sample (Kirkpatrick and Khan 1984; Graham et al. 1987;
Amudsen et al. 2017). In situ, the soil is subjected to an anisotropic stress state (V'v0,
V'h0), which is reduced to zero prior to laboratory testing. The total stress relief has
two different components: (i) the removal of deviatoric stress and (ii) the reduction
of the mean total stress to zero. These processes cannot be avoided and may
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considerably affect the achieved sample quality. In particular, the reduction of the
total stress leads to the development of a negative pore pressure (ur) in the sample,
which is equal to the residual mean effective stress (p'r). The typical stress path and
pore-pressure response with time induced by sampling has been investigated by
Amundsen et al. (2017) and shown in Fig. 3.13. The path (a)–(b)–(c) represents a
theoretical response characterized by an initial reduction of the deviatoric stress (q
= Vv - Vh) to zero, followed by a reduction of the mean effective stress [p' = (V'v +
2V'h)/3]. In this case, the theoretical maximum negative pore pressure (-ups) in a
perfectly undisturbed sample is reached. However, stress relief is more likely to occur
along the path (a)–(d)–(c), characterized by the simultaneous reduction of both the
q and p' and the development of a lower negative pore pressure (-ur).
Figure 3.13. Stress path and pore pressure response of soil during sampling (Amundsen et al. 2017).
The mechanical stresses induced during the sampling stages as well as the stress relief
are considered the main contributors to the disturbance of a soil sample. However,
several processes occur during the storage time, which may negatively affect the
sample quality. In geotechnical practice, the influence of storage has a key role when
the samples have to be stored for a long time before testing. As an example, Bjerrum
(1973) observed up to 10%–20% decrease in the measured undrained shear strength
after three days of storage. Similar conclusions were made by La Rochelle et al.
(1976) by investigating the long-term storage effect on the strength properties of
low-plastic clays. In addition to the stress relief, water content and chemical changes
are expected during the storage time. Leroueil (1991) concluded that in fully
saturated clays, changes in water content are mostly related to long-term effects.
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Moreover, the soil sample can experience migration of pore water from the remolded
external zones to the intact central core (La Rochelle et al. 1981). Furthermore, the
storage conditions may induce the activation of chemical processes (e.g., change in
pH and electrolysis), resulting in pore-water chemistry modifications. In particular,
severe changes can occur if the soil sample is stored in a steel, copper, brass, or zinc
tube for a long time. However, the susceptibility for these changes largely depends
upon the storage methods and soil properties. For example, the presence of swelling
mineral or small lenses of silty layers within the sample may enhance changes in
water content.
All the aforementioned factors can be somehow limited using suitable sampling
apparatuses and adopting the correct procedure. However, sample disturbance is
always present in laboratory samples, even though its severity depends on the soil
properties. As an example, it has been shown that highly structured and low plastic
overconsolidated clays are more susceptible to sample disturbance (Lunne et al.
2006; Di Buò et al. 2019b). In this section, a general overview of traditional samplers
is presented and their performance in Finnish clays is discussed in detail.
3.3.2 Sampling equipment
To avoid or limit the disturbance induced during the sampling process, several
techniques have been developed over the past decades. The types of equipment
adopted worldwide depend on sampling traditions, economic issues, project
requirements, and soil types. Borehole samplers can be classified as drive, rotary, and
block samplers. Drive samplers are pushed into the soil without rotation, whereas
rotary samplers are rotated and pushed downward into the soil, thus cutting and
grinding the soil beneath it. In contrast, block samplers (e.g., Sherbrooke and mini-
block) use water pressure to core out an annulus around a block of the soil to be
sampled. Although high-quality samples can be obtained using borehole samplers,
their use has been limited owing to the perceived high costs, practical difficulties,
and time required. In the following, details on the devices and procedures adopted
to retrieve samples from the investigated sites are presented. The performances of
these samplers in Finnish clays have been extensively investigated by Di Buò et al.
(2019b).
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3.3.2.1 ST:1 50 stationary piston sampler
The ST:1 50 is a piston drive sampler developed by the Swedish Geotechnical
Institute in 1961 to retrieve undisturbed samples in soft clays, silts, or fine sands.
Details on the equipment and procedures can be found in the Report 1:99, 1996
(Swedish Geotechnical Society). The sampler has been widely used in Finland and
Sweden, and it is characterized by a relatively easy and effective sampling procedure.
The sampler comprises a piston, a locking system, extension tubes, and removable
sample liners into which the soil is pushed during sampling. The piston is fixed and
connected to the inner rods while the sampler body is connected by means of the
extension tubes. The inner diameter is 49.5 mm and the outer diameter is 53.8 mm,
giving an area ratio of 17%. The cutting edge angle is 9.7°. The total sampling length
is 510 mm, and it is given by three 170-mm plastic cylinders located inside the
sampler body. The sampler apparatus is shown in Fig. 3.14.
Figure 3.14. ST:1 50 piston sampler. a) ST:1 50 apparatus; b) details of the sampler tip; c) details of
the soil sample.
The sampling procedure consists of three phases: insertion of the sampler, sampling,
and withdrawal of the apparatus. The entire apparatus is initially pushed into the soil,
with the piston locked be means of a threaded spindle, thus preventing the entrance
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of the material into the sampler body. Once the sampling depth is reached, the piston
is kept locked. The locking system ensures that the further downward movement is
transmitted only to the sampling cylinder. The sampling is performed at
approximately 1௅2 cm/s to minimize the disturbance induced to the sampled soil.
After reaching the final sampling depth, before the withdrawal of the apparatus, the
standard procedure requires a waiting time of 5 min to ensure good adhesion
between the soil and cylinder. However, in quick clays, longer time is recommended.
For this stage, several standard procedures have been defined. As an example, the
Swedish Geotechnical Society (Report 1:96, 1996) as well as the Norwegian
Geotechnical Society (NGF 2013) suggests to recover the apparatus by pulling the
entire system up at a very low speed. In contrast, in Finnish Geotechnical practice,
the sampled soil is cut off from the deposit by rotating the sampler 20 times. Both
procedures have been adopted at the investigated sites and their influence on the
achieved sample quality is discussed by Di Buò et al. (2019b).
3.3.2.2 Aalto 86 piston sampler
The Aalto 86-mm piston sampler (Fig. 3.15), also referred to as the NGI 86-mm
sampler (Mataic 2016), is a scaled version of the traditional NGI 54 (Hvroslev 1949;
Andresen and Kolstad 1979). The sampler was employed in previous studies
conducted at Tampere University to retrieve undisturbed samples from the Perniö
site (Mansikkamäki 2015; Lehtonen 2015). Compared with the NGI 54, the Aalto 86
is modified in terms of the sampling cylinder and sampler body dimensions to allow
the retrieval of larger samples. Moreover, the Aalto 86 sampler is equipped with a
thin-walled self-cutting steel tube on which the sample is kept stored and extruded
prior to the laboratory testing. The sampling cylinder has an external diameter of
88.94 mm and an average inner diameter of 85.88 mm, thus giving an area ratio of
6.8%. The tube length is 650 mm, even though the total sampling length is 450 mm.
The cutting edge angle is 12°, and the cylinder has no inside clearance.
Compared with the ST:1 50, the sampling operation of the Aalto 86-mm piston
sampler is slightly different. In particular, once the desired depth is reached, the
piston is released and withdrawn upward by turning the inner rod, enabling the soil
entrance into the sampling cylinder. Then, the sampling is performed by pushing the
apparatus into the soil at a low speed (§1 cm/s). Finally, the apparatus is recovered
by pulling the entire system upward without using any rotation.
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Figure 3.15. Aalto 86-mm sampler. a) Aalto University version, b) sampling cylinder and outdrawn
piston position, and c) sampling cylinder and withdrawn piston position (Mataic 2016).
3.3.2.3 Mini-block sampler
The mini-block sampler (Emdal et al. 2016) has been developed at the Norwegian
University of Science and Technology (NTNU) to overcome the difficulties
encountered by the Sherbrooke block sampler (Lefebvre and Poulin 1979). In
particular, the mini-block sampler has a smaller outer diameter than Sherbrooke
(from 410 to 230 mm) to allow more efficient rigging and sampling operations. The
sampler has been employed only at the Perniö site and its performance compared
with the other sampling methods has been discussed by Di Buò et al. (2019b).
The sampler is shown in Fig. 3.16. It comprises a metallic cage made of stainless
steel and is capable of sampling 300-mm-height and 160-mm-diameter specimens
using horizontal cutters and a set of three blades located at the bottom of the sampler
(Fig. 3.16b). These blades provide support to the block specimen during sampler
retrieval. The sampling operations are illustrated in Fig. 3.17. Before starting the
sampling operations, a 400-mm borehole above the sampling depth is needed. In
general, the stability of the borehole is ensured by water or mud, although sometimes
casing can be required. Afterward, the sampler is inserted into the borehole with the
bottom blades in open configuration. Once the desired depth is reached, the
sampling is performed using a water jet flowing from orifices located at the bottom
ends of the three hollow arms (Fig. 3.17b) while the sampler rotates at low angular
speed (5 rpm). After carving a cylindrical specimen, the locking system of the bottom
blades is activated by dropping a weight from the ground surface (Fig. 3.17b), which
hits the retaining pins located at the top of the sampler (Fig. 3.17c). The entire
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apparatus with the sampled soil is then recovered, and the specimen is wrapped with
a plastic film to avoid moisture losses and placed inside a plastic box filled up with
foam chips (Fig. 3.17f) to provide lateral confinement during sample transportation
and storage.
Figure 3.16. Mini-block sampler: a) sampler device, b) bottom holes and blades details, and c) details
of the retaining pins.
Figure 3.17. Mini-block sampling operations: a) sampler insertion into the borehole, b) details of the
drop weight, c) apparatus withdrawn, d) sampled soil details, e) wrapping of the sampled soil with
plastic foil, and f) details of the PVC tube with styrofoam spheres.
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3.3.2.4 TUT 132 tube sampler
TUT developed a new 132-mm open-drive tube sampler (TUT 132), inspired by the
Laval sampler (La Rochelle et al. 1981). In general, the tube sampling process is more
expensive, time-consuming, and delicate compared with traditional piston samplers.
However, in sensitive clays, its use is justified by the sample quality achieved, which
can be comparable to block sampling techniques. The sampler consists of a thin-
walled sampling tube; its head is equipped with a screw-type valve, which can be
opened by rotating the inner rod. Moreover, a 5° inclination cutting edge is mounted
at the bottom of the sampling tube to ensure soil cutting during sampler penetration.
The sampling tube has a thickness of 4 mm, an outer diameter of 139.7 mm, and an
inner diameter is 131.7 mm, giving an area ratio of 12%. The total length of the
sampling tube is 500 mm. In addition, 750-mm long tubes have been used at Paimio
and Sipoo sites.
The operations of the TUT 132 tube sampler are shown in Fig. 3.18. Similar to
the Sherbrooke sampler, a borehole is needed to reach the sampling depth. The
apparatus is lowered to the hole with the valve opened (Fig.3.18b) to ensure that the
mud flows upward. Once the bottom of the borehole is reached, the sampling
process starts by pushing the apparatus into the soil at a very low speed (0.5 cm/s)
till the final depth. Then, a resting time of 20 min is planned to ensure pore pressure
dissipation and therefore better adhesion between the soil and tube. Finally, the head
valve is closed by turning the inner rod to ensure an effective vacuum above the
sample during withdrawal. The sample is cut from the surrounding soil by means of
a cutting wire (Fig. 3.18d) pulled from the ground surface. This procedure was first
introduced by Larsson (2011) to replace the sampler rotation adopted by the Laval
method to shear the soil at its base, thus dividing the sample from the deposit. Before
retrieving the entire apparatus, air is injected from the ground surface into the pipe
to create an air flow on the cutting plane, therefore avoiding suction while lifting the
sampler. Finally, the tube is disassembled from the apparatus, sealed using a plastic
film and caps at the bottom ends, and transported to the laboratory. Unlike the
traditional Laval sampler, the TUT 132 allows the sample to be stored into the tube
and extruded only prior to the laboratory testing. The storage method along with the
use of the cutting wire is considered beneficial in terms of the achieved sample
quality because the stress relief is partially reduced and the torsion induced by the
sampler rotation is avoided.
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Figure 3.18. TUT 132 sampler: a) apparatus; b) details of the screw cap, open valve configuration; c)
details of the cutting edge; d) cutting wire and pipe details; e) lower end of the sampler.
3.4 Constant rate of strain (CRS) oedometer test
CRS oedometer tests are performed on undisturbed specimens of 45-mm diameter
and 15-mm initial thickness at a constant strain rate of 0.001 mm/min (0.4%/h),
which is the commonly used strain rate in Finland when testing soft clay samples.
The automated CRS testing apparatus was designed by Tampere University (Kolisoja
et al. 1987). The equipment (Fig. 3.19) consists of an oedometer cell, a loading frame,
an electric stepping motor, a control unit, a data logger, and a microcomputer.
The tested specimen is obtained by pushing a thin-walled steel oedometer ring
into the natural sample prior extruded from the tube (TUT 132 or Aalto 86) or plastic
liner (ST:1 50) or cut out from the block sample (mini-block). The inner area of the
ring is covered with silicon oil to reduce the friction between the soil and steel wall.
Once the ring is completely filled with soil, the excess material is removed using a
steel wire saw and spatula. Then, saturated filter papers are placed on both sides of
the specimen and the ring is locked on the oedometer cell previously filled with
water. Finally, the oedometer cell is mounted on the CRS frame. The different CRS
sample preparation stages are illustrated in Fig. 3.20.
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Figure 3.19. CRS oedometer testing apparatus: a) loading frame; b) oedometer cell details.
Figure 3.20. CRS oedometer test sample preparation: a) extruded sample; b) sample trimming; c)
insertion of the ring; d) details of the specimen inside the ring; e) saturation of the oedometer cell; f)
oedometer frame details.
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Vertical deformation is applied to the tested sample using a stepping motor and mitre
gear, thus transferring the motor rotation to a vertical motion. The rotary speed is
controlled via a control unit by a microcomputer on the basis of previous
measurements, whereas the sample vertical deformation is calculated from the total
number of steps of the stepping motor. The sample basement is impervious, but it
contains porous stone connected to a pore pressure transducer. During the test,
vertical load and pore pressure are measured at short intervals (5–10 min) using
electronic strain gauge transducers and transferred to the microcomputer unit for
storage.
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4 EXPERIMENTAL PROGRAM RESULTS
4.1 Introduction
This section presents the results of the experimental program, including CPTu
soundings, index tests, CRS consolidation tests, and sample quality evaluation. The
investigated sites are located in the southern region of Finland, along the railway
tracks connecting the cities of Turku, Helsinki, and Tampere (Fig. 4.1). Despite local
differences in terms of natural water content, plasticity, and sensitivity, these sites
are characterized by similar geological origin which is connected to the Baltic Sea
formation as discussed in chapter 2.
All the tests are conducted in accordance with the ISO standards (ISO 22476-
1:2012 for piezocone testing, ISO/TS 17892-12:2004 for laboratory testing, and
CEN ISO/TS 17892-5:2004 for oedometer testing). The CPTu soundings are shown
for each site in terms of the corrected cone tip resistance (qt), sleeve friction (fs),
pore-water pressure (u2), normalized friction ratio (Fr), pore-pressure ratio (Bq), and
additional measurements performed using the seismic and resistivity modules.
Moreover, the SBTn chart proposed by Robertson (2009) is presented.
The laboratory testing program comprises soil classification tests, index tests and
CRS consolidation tests. All the tests have been conducted in the laboratory on
samples retrieved from the investigated sites. In particular, for the Atterberg limits
evaluation, the fall cone (FC) test is used for evaluating wL and St while wP is
measured by means of the rolling test. Finally, the clay fraction is determined based
on the hydrometer analysis.
The collected data is used to establish a database, which is exploited to assess the
validity of existing correlations and develop new methods to derive the soil
geotechnical parameters from CPTu data. Therefore, particular emphasis is given to
the test quality evaluation. In particular, the quality of the CPTu soundings are
assessed based on the procedures discussed earlier in the thesis (e.g., repeatability,
zero load readings, and porous stone saturation), while the sample quality is classified
based on the Lunne et al. (1997) criteria.
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Figure 4.1. Location of the “FINCONE” test sites.
4.2 Perniö test site
4.2.1 Index properties
The Perniö test site worked as a benchmark site for several research studies
conducted at Tampere University. As an example, a full-scale railway embankment
failure test was conducted in 2009 with the aim of collecting data to improve the
reliability of the existing stability calculation methods (Lehtonen et al. 2015; Di Buò
et al. 2019a). Moreover, an extensive experimental program has been conducted by
Mataic (2016) to evaluate the mechanical behavior and rate dependence of Perniö
clay. The test site is located on the southwestern coast of Finland, about 140 km
west of the city of Helsinki. The lithostratigraphic condition of the deposit includes
a 1௅1.5-m-thick dry crust underlain by 8௅9-m-thick soft clay layer; silt and stiff sandy
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layers can be found at a greater depth. The groundwater table is located at 1-m depth.
The geotechnical properties of the site are shown in Fig. 4.2 and Table 4.1. Among
all the investigated sites, the Perniö site has clay that is characterized by natural w
ranging between 80% and 100%. The PI value varies between 20% and 40%, with
the lowest values observed at around 5-m depth. The FC test indicates St values
between 40 and 60 over the entire deposit. The undrained shear strength (su) ranges
between 10 and 15 kPa, whereas sure is nearly constant with depth, with values
between 0.20 and 0.30 kPa. Finally, the hydrometer test revealed clay content varying
between 50% and 90%, with the highest values observed below 6-m depth, and
organic content of less than 2%.
Figure 4.2. Stratigraphy and index properties of the Perniö site.
Table 4.1. Geotechnical properties of the Perniö clay.
Site Depth (m) w (%) PI (%) St
Clay
fraction (%)
2–3 100–110 40 40–60 50–60
Perniö 3–4 70–100 30 40–50 50–70
4–6 70–90 30 50–70 50–70
6–8 90–110 40 40–70 70–90
4.2.2 CPTu soundings
The CPTu results from the Perniö site are shown in Fig. 4.3. A total of four
piezocone soundings are performed, one of which (T1) was performed with the
high-capacity cone. Measurements scatter is observed in the dry crust layer and
below 9-m depth owing to small lenses of silts. The soil stratigraphy presents a
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homogeneous soft clay layer between 3 and 9 m depth, characterized by qt increasing
from 200 to 350 kPa and u2 from 120 to 270 kPa. The fs value is characterized by
lack of accuracy owing to the sensor resolution (§2 kPa) as shown in Fig. 4.3b. As
previously discussed (section 3.2.1), this leads to high scatter in the measured data,
resulting in high uncertainties when using these parameters for soil interpretation.
As an example, the soil classification based on the SBTn chart (Fig. 4.3h and 4.3i)
reveals that most of the data points fall far from the sensitive clay region both in the
Qtn–Fr and Qtn–Bq. This is probably due to the inaccuracy of the sleeve sensor in
measuring small values of fs as discussed by Di Buò et al. (2020). Tests with additional
modules are also performed. In particular, vs is measured at 1-m depth intervals,
from 2 to 8 m depth, indicating values between 50 and 100 m/s. The soil
conductivity, measured using the resistivity modules, increases from 50 to 100 mS/s
in the upper layer and is approximately constant and equal to 100 mS/s from 5 to 9
m depth.
Overall, the repeatability between the different soundings is very good, and the
pore-pressure response indicates that the saturation of the porous stone is ensured
for all soundings. The decrease in the u2 value observed from the T3 vertical
sounding is related to the dissipation test performed at 5.5-m depth. The application
class of each CPTu sounding is evaluated according to the EN-ISO 22476-1, as
discussed in section 3.2.6. The zero shift loads and maximum error calculated for qt,
fs, and u2 are summarized in Table 4.2. The T1 sounding is characterized by the
lowest quality (class 3) in terms of the qc, while all the other CPTu verticals belong
to the highest class (class 1).
Table 4.2. CPTu quality, Perniö.
CPTu
sounding
qc (kPa) fs (kPa) u2 (kPa)
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
T1 î2.3 102.3 3 î0.1 3.1 1 î1.5 6.5 1
T2 6.8 21.8 1 0.6 2.6 1 î4.3 9.3 1
T3 6.2 21.2 1 1 3 1 î1.0 6.0 1
T4 15.1 30.1 1 î0.2 2.2 1 î4.7 9.7 1
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Figure 4.3. CPTu soundings result, Perniö; a) corrected cone tip resistance, qt; b) sleeve friction, fs; c)
pore-water pressure, u2; d) normalized friction ratio, Fr; e) pore-pressure ratio, Bq; f) shear wave
velocity, vs; g) conductivity; h) normalized soil behavior type (SBTn) chart based on Qtn–Fr; i)
normalized soil behavior type (SBTn) chart based on Qtn–Bq.
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4.2.3 CRS consolidation tests
The CRS consolidation tests are performed on undisturbed samples obtained using
the four different samplers described in section 3.3. A total of 46 tests are available
for the Perniö site and the results are summarized (Appendix 1). Fig. 4.4 shows few
CRS test results in terms of V'v versus Ha and M versus V'v.
Figure 4.4. CRS consolidation test results of specimens retrieved with different sampling methods
from Perniö: a) ST:1 50 piston; b) TUT 132; c) Aalto 86; d) Mini-block.
The observed stress-strain behavior is the typical behavior of marine sensitive clays.
It is worth observing that the soil behavior is clearly influenced by the sampling
method. As an example, samples obtained by the mini-block sampler are
characterized by a stiffer response in the OC region and a more evident drop beyond
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V'p compared with the only ST:1 50 piston sample available. Most of the ST:1 50
piston samples are completely disturbed and could not be used for interpretation.
These aspects will be discussed in section 4.7. The behavior in the NC region is
similar for all the tested samples, characterized by an initial drop of the effective
vertical stress and a nonlinear stress-strain behavior shown in the V'v versus Ha chart
while M increases linearly with increasing stress. However, the compressibility of the
tested samples appears to be influenced by the water content. These aspects will be
discussed later in the thesis.
4.3 Lempäälä test site
4.3.1 Index properties
The Lempäälä test site is located near the city of Tampere, along the railway track to
Helsinki. The soil stratigraphy consists of a 1௅1.5-m-thick dry crust layer, followed
by 1௅1.5 m of organic soil underlain by a soft sensitive low-plastic clay layer. The
groundwater table is located at 0.60-m depth. The index properties of Lempäälä clay
are shown in Fig. 4.5 and Table 4.3. The investigation conducted at the site revealed
that the shallow layer is composed of fill material placed in situ during the
embankment work construction. This layer is characterized by high water content,
high plasticity, and lower sensitivity compared with the soft clay layer. The natural
soil layer shows varying value of w between 70% and 80%. The wL value is lower
than the natural water content over the entire deposit, which is commonly observed
in Finnish clays. The PI is approximately 25%௅30%, even though smaller values can
be noticed between depths of 4 and 5 m. The FC test indicates a significant variability
of St, which may suggest the presence of thin layers of different properties within
the deposit. Moreover, the su measured by the FC test ranges between 6 and 15 kPa,
whereas sure is lower than 0.50 kPa over the entire deposit. The clay content is slightly
higher than 60% in the soft clay layer, while lower values can be noticed at shallow
depth. Finally, Lempäälä clay shows low organic content (<1%) even though higher
values (§5%) are encountered in the dry crust layer.
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Figure 4.5. Stratigraphy and index properties of the Lempäälä site.
Table 4.3. Geotechnical properties of Lempäälä clay.
Site Depth (m) w (%) PI (%) St
Clay
fraction (%)
1–2 130 60 10 –
Lempäälä 3–4 100–130 40 30–50 35–45
5–7 60–80 30 20–50 60–70
4.3.2 CPTu soundings
The field investigation includes five CPTu soundings, one performed using the high
capacity cone (T1) and four with the sensitive cone. Piezocone sounding results are
presented in Fig. 4.6. As shown by the laboratory test results, the uppermost part of
the deposit is composed of a dry crust layer (0–1 m), followed by a 2-m-thick layer
of organic material (1–3 m) and a soft clay deposit between 3 and 10 m depth. The
corrected cone tip resistance (qt) appears to be constant between 3 and 5 m depth
(qt § 180 kPa), increasing up to 300 kPa at 8-m depth. The excess pore-water
pressure (u2) measurements are consistent among all the soundings, with values from
90 kPa at 3-m depth to 250 kPa at 8-m depth. Below, scatter of data is observed in
terms of both qt and u2, probably due to the presence of silty layers. As observed at
Perniö site, scatter of fs measurement is observed due to the low accuracy of the
sleeve sensor. The Fr value varies between 1% and 2%, while Bq is lower than 1.0.
The vs value ranges between 40 and 100 m/s in the soft clay layer. The conductivity
of the soil is approximately constant with depth with an average value of 60 mS/s.
The soil classification provided by the SBTn charts indicates data points from the
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upper layer falling into the silt region, while the soil from the bottom layer can be
classified as clay. However, data points are quite scattered in the chart.
The test quality is summarized in Table 4.4. All the soundings are characterized
by high quality (class 1) except for the qc data from the T1 sounding, which belongs
to class 3. Overall, good repeatability between the different test verticals is observed.
Table 4.4. CPTu quality, Lempäälä.
CPTu
sounding
qc (kPa) fs (kPa) u2 (kPa)
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
T1 0.5 100.5 3 0.3 3.3 1 î0.6 5.6 1
T2 7.7 22.7 1 î0.2 2.2 1 1.6 6.6 1
T3 10.4 25.4 1 0.2 2.2 1 î1.3 6.3 1
T4 î4.4 19.4 1 1.1 3.1 1 î1.7 6.7 1
T5 î0.1 15.1 1 1.6 3.6 1 3.8 8.8 1
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Figure 4.6. CPTu soundings result, Lempäälä; a) corrected cone tip resistance, qt; b) sleeve friction,
fs; c) pore-water pressure, u2; d) normalized friction ratio, Fr; e) pore pressure ratio, Bq; f) shear wave
velocity, vs; g) conductivity; h) normalized soil behavior type (SBTn) chart based on Qtn–Fr; i) SBTn
chart based on Qtn–Bq.
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4.3.3 CRS consolidation tests
Results from CRS consolidation tests from Lempäälä clay are summarized in
Appendix 2. Samples were taken from 3 to 7 m depth using the ST:1 50 piston and
TUT 132 tube samplers. A total of 21 samples were tested and some results are
shown in Fig. 4.7. Compared with the other investigated sites, the achieved sample
quality at the Lempäälä site is the lowest. From Appendix 2, it can be noted that
several samples appear to be totally disturbed and therefore could not be used for
data interpretation. The reasons of the low quality samples are discussed in detail in
section 4.7.
Figure 4.7. CRS consolidation test results of specimens from Lempäälä, retrieved with a) ST:1 50
piston and b) TUT 132.
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4.4 Masku test site
4.4.1 Index properties
The Masku test site is located at the southwestern coast of Finland, near the city of
Turku. The soil stratigraphy includes a 1.5-m-thick weathered clay crust, followed by
an 8-m-thick soft clay layer. The groundwater table is located at 1.20 m depth. At
this site, samples were taken only at 3, 5, and 8 m depth. The water content is about
80% at 3 and 8 m depth, even though values up to 120% are encountered in the
intermediate layer. The PI is about 60% at 5-m depth while lower values can be
noticed at the other depths. Compared with the other sites, Masku is one of the least
sensitive, with values ranging between 15 and 20. In particular, su, evaluated by the
FC test, varies between 15 and 20 kPa, whereas sure is slightly higher than 0.50 kPa.
The clay content is particularly high, with values increasing from 60% at 3-m depth
to 90% at greater depths. Finally, the organic content is lower than 2% over the
entire deposit. The geotechnical properties of Masku clay are shown in Fig. 4.8 and
Table 4.5.
Figure 4.8. Stratigraphy and index properties of the Masku site.
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Table 4.5. Geotechnical properties of Masku clay.
Site Depth (m) w (%) PI (%) St
Clay
fraction (%)
3 80 40 20 60–70
Masku 5 120 70 20 90–100
7 60–80 50 20 70–80
4.4.2 CPTu soundings
As for the other sites, the CPTu soundings, shown in Fig. 4.9, are performed using
both the high-capacity cone (T1) and sensitive cones (T2–T5). To avoid cone
desaturation when penetrating the dry crust, an initial pre-drilling in the upper layer
is made. Overall, the different tests show good repeatability even though T1 provides
slightly higher fs. Moreover, T4 sounding is clearly affected by pore pressure issues,
probably due to inaccurate initial saturation of the porous stone. The qt and u2
increase linearly with depth. The Fr value is lower than 2% while Bq ranges between
0.5 and 0.8. The vs value measured using the seismic module ranges between 75 and
100 m/s. The conductivity increases till 4-m depth, thus remaining constant till 10-
m depth (§250 mS/s). Finally, the SBTn charts indicate a quite homogeneous clay
layer, even though few data points fall in the silt mix region, as observed in the Qtn–
Fr chart.
The CPTu data quality is summarized in Table 4.6. Except the T1 sounding, all
the CPTu tests are characterized by high quality (class 1). However, as discussed
earlier, the pore pressure response from T4 is clearly affected by desaturation. This
aspect is not revealed by the zero shift measurement.
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Figure 4.9. CPTu soundings result, Masku; a) corrected cone tip resistance, qt; b) sleeve friction, fs; c)
pore-water pressure, u2; d) normalized friction ratio, Fr; e) pore pressure ratio, Bq; f) shear wave
velocity, vs; g) conductivity; h) normalized soil behavior type (SBTn) chart based on Qtn–Fr; i) SBTn
chart based on Qtn–Bq.
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Table 4.6. CPTu quality, Masku.
CPTu
sounding
qc (kPa) fs (kPa) u2 (kPa)
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
T1 6.5 106.5 3 0.4 3.4 1 î4.0 9.0 1
T2 7.5 22.5 1 0.8 2.8 1 î3.5 8.5 1
T3 î0.8 15.8 1 1.3 3.3 1 î2.2 7.2 1
T4 1.1 16.1 1 1.5 3.5 1 î5.1 10.1 1
T5 î6.1 21.1 1 1.6 3.6 1 î3.7 8.7 1
4.4.3 CRS consolidation tests
Undisturbed samples from the Masku site were obtained using only the TUT 132
tube sampler. Therefore, for this site, a direct comparison between the different
sampling techniques is not possible. The sampling was performed at three different
depth levels (3, 5, and 8 m). Results are summarized in Appendix 3; Fig. 4.10 shows
the results of three different CRS consolidation tests. The stress-strain behavior of
Masku clay is similar to that of the other investigated clays. However, the sample
retrieved from 5-m depth shows a more brittle behavior when passing V'p.
Figure 4.10. CRS consolidation test results of specimens retrieved from Masku with TUT 132.
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4.5 Paimio test site
4.5.1 Index properties
Paimio is located about 25 km from the city of Turku, in the southwestern region of
Finland. The stratigraphy consists of a 2-m-thick clay crust overlaying an 8-m-thick
soft clay layer. The groundwater table is located at 0.80-m depth. The index
properties of Paimio clay (Fig. 4.11) reveal the presence of a leaner upper clay layer
above 6.5-m depth and a more plastic clay layer below. The shallow layer is
characterized by w of 50%௅80% and PI of 15%௅20%, whereas higher w (90%௅
110%) and PI (30%) can be noticed at greater depths. Paimio clay is characterized
by high St, with values varying between 60 and 90. In addition, the FC test revealed
su between 13 and 17 kPa, whereas sure was lower than 0.3 kPa over the entire
deposit. The clay content increases with depth, from 40% at shallow depth to values
of about 100% between 6 and 7 m depth, whereas the organic content is less than
1%. The geotechnical properties of Paimio clay are summarized in Table 4.7.
Figure 4.11. Stratigraphy and index properties of the Paimio site.
Table 4.7. Geotechnical properties of Paimio clay.
Site Depth (m) w (%) PI (%) St
Clay
fraction (%)
3–5 40–80 20 60–100 40–60
Paimio 6–7 90–110 40 80–90 95
7–9 70–90 40 60–80 80–90
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4.5.2 CPTu soundings
The CPTu soundings from the Paimio site are illustrated in Fig. 4.12. As observed
for the other sites, the qt and u2 values increase linearly with depth in the soft clay
layer, while fs is constantly below 5 kPa. The Fr value is lower than 2% over the
entire clay layer, while Bq is approximately constant and equal to 0.6–0.7. Two S-
CPTu verticals are performed, showing vs values ranging between 50 and 100 m/s.
Moreover, the R-CPTu verticals indicate constant conductivity throughout the soft
clay layer, approximately equal to 60 mS/s. Finally, the classification of the soil type
indicates the presence of sensitive clays, in agreement with the results from the FC
test.
The quality of each CPTu sounding is shown in Table 4.8 in terms of zero shift
load measurements and maximum error. In particular, tests T1 and T2 are affected
by low accuracy in terms of qt and u2, whereas all the other tests are characterized by
the highest quality class.
Table 4.8. CPTu quality, Paimio.
CPTu
sounding
qc (kPa) fs (kPa) u2 (kPa)
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
T1 17.3 117.3 3 0.9 3.9 1 î7.7 12.7 2
T2 î1.6 16.6 1 0.3 2.3 1 î5.4 10.4 2
T3 0.3 15.3 1 1.1 3.1 1 î4.4 9.4 1
T4 î6 21 1 0.7 2.7 1 î3.9 8.9 1
T5 î1.8 16.8 1 1.7 3.7 1 î4.9 9.9 1
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Figure 4.12. CPTu soundings result, Paimio; a) corrected cone tip resistance, qt; b) sleeve friction, fs;
c) pore-water pressure, u2; d) normalized friction ratio, Fr; e) pore pressure ratio, Bq; f) shear wave
velocity, vs; g) conductivity; h) normalized soil behavior type (SBTn) chart based on Qtn–Fr; i) SBTn
chart based on Qtn–Bq.
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4.5.3 CRS consolidation tests
The laboratory investigation conducted on Paimio clay includes a total of 22 CRS
consolidation tests on ST:1 50 and TUT 132 samples. Results are summarized in
Appendix 4 and shown in Fig. 4.13. It is worth observing that the compressibility in
the NC region is considerably lower in the upper layer (z = 3–5 m), where the water
content is lower (w § 40%௅80%) than the bottom layer (z = 5–9 m), which is
characterized by higher water content (w § 80%௅110%). Overall, the samples show
rather good quality. The sample quality achieved at the site is discussed in section
4.7.
Figure 4.13. CRS consolidation test results of specimens retrieved from Paimio with (a) ST:1 50
piston and (b) TUT 132.
4.6 Sipoo test site
4.6.1 Index properties
The Sipoo site is situated 30 km north of the city of Helsinki. The deposit consists
of a homogeneous soft clay layer between 2 and 9 m depth and a 2-m-thick dry crust
layer. The groundwater table is located at 1-m depth. Compared with the clays at the
other investigated sites, Sipoo clay is characterized by the highest plasticity and
lowest sensitivity. The PI reaches values of 60% between 5 and 6 m depth. Also, the
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measured water content of samples retrieved from the site is considerably high, with
values up to 120% at 6-m depth. The St value, evaluated by the FC test, ranges
between 20 and 30. The su value is about 15 kPa while sure varies between 0.50 and
1 kPa. The clay content increases from 60% at 3-m depth to 90% at greater depths.
As observed for the other sites, the organic content is lower than 2% throughout the
deposit; therefore, Sipoo clay can be classified as inorganic clay. The geotechnical
properties of the Sipoo site are shown in Fig. 4.14 and Table 4.9.
Figure 4.14. Stratigraphy and index properties of Sipoo site.
Table 4.9. Geotechnical properties of Sipoo clay.
Site Depth (m) w (%) PI (%) St
Clay
fraction (%)
2–3 80–100 50 20–40 60
Sipoo 5–7 90–110 60 20–30 90
8–9 80–100 50 15 80–90
4.6.2 CPTu soundings
A total of six CPTu soundings are performed at the site, including one high-capacity
cone test. Results are shown in Fig. 4.15, indicating the presence of a dry crust layer
underlain by a soft clay layer. In particular, qt appears to be nearly constant and equal
to 200 kPa between 2 and 4 m depth; this value increases to 400 kPa at 9-m depth.
Similarly, u2 increases from 100 to 300 kPa between 2 and 9 m depth. Despite
inaccuracy affecting the fs measurements, Fr appears to be quite low, with values
varying between 1% and 3% over the entire soft clay layer. The Bq value ranges
between 0.6 and 0.7. Additional measurements are performed with seismic and
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resistivity modules. The shear wave velocity is quite low in the upper part, with values
lower than 50 m/s and increases to 100 m/s at 9-m depth. The conductivity is
constant and approximately equal to 60 mS/s.
Overall, the quality of the CPTu measurements is fairly good. However, both T1
and T2 are characterized by poor quality, as shown by Table 4.10. Therefore, these
tests are not taken into account in the data interpretation.
Table 4.10. CPTu quality, Sipoo.
CPTu
sounding
qc (kPa) fs (kPa) u2 (kPa)
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
Zero
shift
Maximum
error
Class
T1 î14.4 114.4 3 4.5 7.5 2 î143.2 148.2 4
T2 59.4 74.4 2 î4.5 6.5 2 9.8 14.8 2
T3 î2.4 17.4 1 1 3 1 î0.2 5.2 1
T4 4.8 19.8 1 0.5 2.5 1 î1.8 6.8 1
T5 10.8 25.8 1 0.5 2.5 1 î5.6 10.6 2
T6 2.2 17.2 1 0.6 2.6 1 î2.3 7.3 1
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Figure 4.15. CPTu soundings result, Sipoo; a) corrected cone tip resistance, qt; b) sleeve friction, fs;
c) pore-water pressure, u2; d) normalized friction ratio, Fr; e) pore pressure ratio, Bq; f) shear wave
velocity, vs; g) conductivity; h) normalized soil behavior type (SBTn) chart based on Qtn–Fr; i) SBTn
chart based on Qtn–Bq.
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4.6.3 CRS consolidation tests
The CRS consolidation tests are carried out on 19 undisturbed samples taken from
2.7 to 9 m depth using both the ST:1 50 piston and TUT 132 tube samplers. A
summary of the test results is presented in Appendix 5 and Fig. 4.16. As previously
observed, the stress-strain behavior is characterized by a significant strain increase
when passing the V'p with highly nonlinear behavior in the NC region. The
interpretation of the soil parameters, including stress history and deformation
properties, is discussed later in the thesis. Moreover, the achieved sample quality is
discussed in detail in section 4.7.
Figure 4.16. CRS consolidation test results of specimens retrieved from Sipoo with (a) ST:1 50 piston
and (b) TUT 132.
4.7 Evaluation of soil properties from CRS consolidation tests
This section presents the methodology adopted to derive the stress history and
deformation properties based on the CRS consolidation test results. In particular,
three methods are examined: the compression index method, Janbu’s method, and
Sällfors’ method. The theoretical formulation and applicability of these methods are
discussed in section 2.3.3. In the following, the experimental results are analyzed and
the suitability of each method in soil settlement prediction is assessed.
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4.7.1 Preconsolidation stress evaluation
The evaluation of V'p is a key factor when performing soil settlement calculation.
This parameter represents the threshold value, which defines the transition between
the OC and NC region. In section 2.4, the processes causing the development of V'p
are analyzed in detail. In particular, the clays included in this study are not
mechanically overconsolidated, but they have been subjected to secondary
consolidation and chemical processes, referred to as “aging.” Therefore, the
threshold value is generally named “yield stress” or “apparent V'p.”
In conventional geotechnical practice, V'p is evaluated from oedometer tests
performed on undisturbed samples. The oedometer test result is then analyzed based
on various methods such as those proposed by Casagrande (1936), Janbu (1969),
Pacheco Silva (1970), Butterfield (1979), Becker et al. (1987), Burland (1990),
Karlsrud (1991), Jacobsen (1992), Onitsuka et al. (1995), and Boone (2010). These
methods define the standard methodologies for the interpretation of V'p using
graphical constructions applied to the stress-strain curve. Note that the assumption
of an interpretation method is necessary when dealing with low-quality samples.
Indeed, in the previous section, it has been observed that sample disturbance results
in higher curvature being observed in the stress-strain plot, resulting in a less distinct
transition between the OC and NC region. In this scenario, the evaluation of V'p may
be affected by the operator’s personal judgment. These problems are avoided in
high-quality samples because the determination of V'p can be easily performed by
analyzing the soil stress-strain response.
In this study, the interpretation of V'p is performed based on a curve-fitting
procedure applied to the Sällfors’ interpretation method and analyzing the pore
pressure response. In particular, the drop observed in the effective stress and the
increase of the pore water pressure once reached the yielding stress clearly indicate
the transition between the OC and NC region, providing a reliable value of V'p, as
shown in Fig. 4.17 and 4.18. It is worth observing that this procedure can be easily
adopted with respect to high-quality sample while uncertainties are encountered in
low-quality samples.
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Figure 4.17. Evaluation of the preconsolidation stress from a high-quality sample from Perniö site: a)
curve-fitting applied to the Sällfors method; b) pore-pressure response.
Figure 4.18. Evaluation of the preconsolidation stress from a low-quality sample from Lempäälä site:
a) curve-fitting applied to the Sällfors method; b) pore-pressure response.
The in situ and preconsolidation stress profiles of each site are plotted in Fig. 4.19.
All the deposits are slightly overconsolidated with the lowest values observed at
Lempäälä site (OCR § 1.20) while the other sites are characterized by 1.50 < OCR
< 2.50, with the highest values observed mainly at shallow depths.
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Figure 4.19. In situ stress profiles: a) Perniö; b) Lempäälä; c) Masku; d) Paimio; e) Sipoo.
4.7.2 Evaluation of deformation properties
As previously discussed (section 2.3.3), several methods are proposed in the
literature to perform soil settlement analyses. The applicability of the compression
index method is considerably low in sensitive clays because the assumption of a
constant Cc value is valid only for a small stress range. In contrast, Janbu’s method
and Sällfors’ method appear to be more suitable for settlement prediction in such
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soils. In this section, the applicability of these methods is assessed based on the
experimental results from CRS consolidation tests. In addition, the deformation
parameters used in these methods are derived.
Figures 4.20 – 4.24 show the comparison between the soil stress-strain behavior
from CRS consolidation tests and the model prediction. The deformation
parameters are calibrated to obtain the best curve-fitting with the experimental data.
Overall, both Janbu’s and Sällfors’ methods provide a rather good representation of
soil compressibility. However, at large deformation, the prediction by Janbu’s
method is less accurate. In particular, effective vertical stress Janbu’s model is based
on an exponential equation; therefore, it results in a misleading representation of the
soil behavior because M increases linearly with the effective vertical stress. Moreover,
to model the structure breakdown when passing V'p, a negative value of the stress
exponent E is assumed. In contrast, for Norwegian clays, the stress exponent is
assumed equal to zero (Länsivaara 1999), resulting in a linear increase of the stiffness
with stress.
The soil deformation parameters are evaluated for each CRS consolidation test
and the results are summarized in Appendix 15. In the OC region, Janbu’s method
is characterized by stress exponent E= 1 and modulus number m = M/100.
However, in the NC region, the variability of m is wider, with values ranging from 3
to 12 while Evaries between î0.5 and î2. In particular, highly structured clays (e.g.,
Perniö) are characterized by an evident drop when passing the V'p, resulting in lower
values of m and Ee.g., test A3.11: m  4E î2)In contrast, Lempäälä clay shows
softer response in the NC region, with higher values of m andEe.g., test A1.10: m
 11.2E î0.6 The Sällfors’ method appears to be more suitable for the
settlement calculation of sensitive clays. Note that the curve-fitting between the
model prediction and experimental data is generally very good when proper
parameters are selected. In particular, the constrained modulus in the OC region
(M0) varies between 1.5 and 2 MPa even though Lempäälä clay shows values lower
than 1 MPa. However, this value is prone to be affected by sample disturbance, as
discussed in section 4.7. The lowest value of the constrained modulus (ML) ranges
between 100 and 300 kPa. The stress limit (V'L) is generally reached from 5 to 15 kPa
beyond V'p. Then, the modulus increases with the stress, with the ratio M' varying
between 12and 15 
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Figure 4.20. Application of the settlement calculation methods to CRS consolidation testing at Perniö:
a) tangent modulus method; b) CRS Swedish method.
Figure 4.21. Application of the settlement calculation methods to CRS consolidation testing at
Lempäälä: a) tangent modulus method; b) CRS Swedish method.
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Figure 4.22. Application of the settlement calculation methods to CRS consolidation testing at Masku:
a) tangent modulus method; b) CRS Swedish method.
Figure 4.23. Application of the settlement calculation methods to CRS consolidation testing at Paimio:
a) tangent modulus method; b) CRS Swedish method.
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Figure 4.24. Application of the settlement calculation methods to CRS consolidation testing at Sipoo:
a) tangent modulus method; b) CRS Swedish method.
4.8 Sample quality evaluation
The impact of sample quality on the evaluation of reliable geotechnical properties
from laboratory testing has been discussed earlier in the thesis. Many authors have
highlighted the difficulties encountered in obtaining high-quality samples from soft
sensitive clay deposits using standard sampling methods such as stationary piston
samplers (Lunne et al. 2006; Karlsrud and Hernandez–Martinez 2013; Karlsson et
al. 2016; Di Buò et al. 2019b). Considering these aspects, particular effort has been
given to the sampling program within this study. This is fundamental for establishing
a database of high-quality laboratory data to be exploited to validate the existing
correlations and develop new analytical methods valid for Finnish clays. In this
section, the performance of the samplers employed at the investigated sites is
evaluated based on the experimental results obtained from CRS consolidation tests
and using existing methods for the evaluation of the sample quality. These aspects
have been discussed by Di Buò et al. (2019b).
In the literature, a number of methods have been proposed to quantify the
disturbance experienced by the tested sample during the entire sampling process.
Among them, the standard methodology proposed by Lunne et al. (1997),
hereinafter referred to as “NGI criterion,” is widely used to assess the sample quality.
This method is based on the recompression volume of the sample during
reconsolidation to the in situ effective vertical stress (V'v0) in terms of normalized
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change in void ratio ('e/e0). The principle idea of this criterion is that disturbance
induces higher volumetric deformation when reconsolidating the sample back to in
situ stress. Therefore, the sample quality is classified as “very good to excellent”,
“good to fair”, “poor”, and “very poor” according to the value of 'e/e0 given in
Table 4.11.
Table 4.11. NGI criterion for the evaluation of sample quality.
'e/e0
OCR
Very good to
excellent
Good to fair Poor Very poor
1  2 < 0.04 0.04 – 0.07 0.07 – 0.14 > 0.14
2  4 < 0.03 0.03 – 0.05 0.05 – 0.10 > 0.10
 In this study, the NGI criterion is applied to the CRS consolidation test results
of undisturbed samples retrieved using the different apparatuses. Unfortunately, the
comparison between all the sampling methods is possible only at the Perniö site,
where all the apparatuses have been employed at the same time.
The NGI criterion is applied to a total of 115 CRS consolidation tests performed
on the undisturbed samples retrieved using the different samplers. Results are
presented in Fig. 4.25 and Fig. 4.26 by means of two different plots: (i) vertical
deformation at reconsolidation to the in situ stress (İv0) versus w; (ii) 'e/e0 versus
depth. The NGI criterion based on the İv0 – w was introduced by Mansikkamäki
(2015) based on the assumption of fully saturation (Sr = 100%) which can be
considered representative for the analyzed samples.
Note that the majority of the samples are characterized by very good to excellent
quality, without any clear influence of the water content and sampling depth on the
achieved quality.
However, few TUT 132 and ST:1 50 samples from Perniö show good to fair
quality, whereas most of the samples retrieved from Lempäälä are characterized by
very poor quality. In particular, several ST:1 50 piston samples from both Perniö and
Lempäälä appear to be completely disturbed and V'p cannot be determined from the
stress-strain behavior (Fig. 4.27). In contrast, the ST:1 50 piston samples from
Paimio and Sipoo are characterized by very good quality, comparable to those
obtained using the TUT 132 tube sampler.
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Figure 4.25. Sample quality according to Lunne et al. (1997) for OCR < 2: a) vertical deformation at
reconsolidation versus water content; b) change of normalized void ratio at reconsolidation versus
depth.
Figure 4.26. Sample quality according to Lunne et al. (1997) for 2 < OCR < 4: a) vertical deformation
at reconsolidation versus water content; b) change of normalized void ratio at reconsolidation versus
depth.
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Figure 4.27. CRS consolidation test results of completely disturbed samples.
4.8.1 Performance of the different sampling methods in Finnish clays
The adopted sampling method plays a crucial role in the achieved sample quality.
During the sampling stage, the soil is subjected to a stress level that may induce
severe disturbance, which may lead to total destructuration, as observed from the
CRS consolidation test results of Perniö and Lempäälä clays. Previous research
studies (Lunne et al. 2006; Amudsen et al. 2017) revealed that highly sensitive and
low-plastic clays (e.g., Norwegian clays) are more prone to sample disturbance.
Moreover, disturbances occurring after sampling (e.g., transportation, storage, and
sample preparation) should be taken into account; they can be limited by using
proper precautions. As shown, the performance of the different samplers has been
assessed based on the NGI criterion, which shows that most of the samples retrieved
are characterized by very good quality. However, several issues are observed at the
Lempäälä and Perniö sites and possible explanations are given later in this section.
The sample quality evaluation according to the NGI criteria, presented in Fig.
4.25 and Fig. 4.26, clearly proves that the sampling method may considerably affect
the achieved quality. For example, by comparing the results obtained from Perniö
site (Fig. 4.28), it is clear that the mini-block samples are characterized by the highest
quality. However, very good quality is also achieved using both TUT 132 and Aalto
86 samplers. In contrast, as pointed out earlier, the majority of the samples retrieved
using the ST:1 50 appear to be highly disturbed or completely destructured. The only
ST:1 50 test available (A2.5) is characterized by rather poor quality, particularly
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evident when compared to CRS consolidation tests conducted on TUT 132 and
mini-block samples (Fig. 4.28a). The same behavior is observed at the Lempäälä site,
where both TUT 132 and ST:1 50 samplers provide rather poor quality. The
experimental results observed at these two sites may suggest that the ST:1 50 piston
sampler is not suitable for high-quality sampling in low-plastic sensitive clays. A
similar conclusion was made by Lunne et al. (1997), who pointed out the difficulties
encountered in obtaining undisturbed samples in Norwegian clays using 75- and 95-
mm stationary piston samplers.
Figure 4.28. Comparison of CRS consolidation test results of Perniö clay.
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CRS consolidation test results of Paimio and Sipoo clays prove that very good quality
can be achieved using the ST:1 50 piston sampler. It may be observed that Sipoo
clay is characterized by high PI, thus suggesting that the soil is less susceptible to
sample disturbance. However, despite Paimio clay showing similar soil properties as
Lempäälä and Perniö clays in terms of PI and St, the quality of samples obtained
using the ST:1 50 piston sampler is considerably high but still lower than those
obtained using the TUT 132 sampler (Fig. 4.29). Possible reasons that may justify
these results can be found in the different sampling procedure adopted at these sites.
In particular, at the Perniö and Lempäälä sites, no rotation was applied when using
the ST:1 50 piston sampler to cut off the sampled soil from the deposit, as suggested
by the Norwegian guidelines for sampling (NGF 2013). In addition, the apparatus
used at these two sites suffered from lack of maintenance in terms of sharpness of
the cutting edge (Fig. 4.30). Therefore, at the Paimio and Sipoo sites, a brand new
ST:1 50 sampler was used along with a different sampling procedure that involved
sampler rotation (20 times) before withdrawal, as indicated by the Finnish
geotechnical guidelines. Clearly, the use of a new apparatus, together with the
different procedure, played a fundamental role in the enhanced quality achieved at
the Paimio and Sipoo sites. However, at this stage, it is not possible to discern if
sampler rotation induces less sample disturbance than sampler lifting because both
procedures have not been tested at the same site. By comparing the CRS
consolidation tests results of different samples, it was possible to observe that sample
quality is reflected in a stiffer response in the OC region, leading to a higher
constrained modulus (M0). Moreover, V'p is systematically higher and it is reached at
lower strain level (Ha§4%). That said, it is reasonable to assume that sample quality
can be evaluated based on the deformation at the reconsolidation stress, thus
confirming the effectiveness of the NGI criterion.
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Figure 4.29. Comparison of CRS consolidation tests carried out on specimens obtained using
different sampling methods.
Figure 4.30. Details of the ST:1 50 cutting edge employed at the Perniö and Lempäälä sites.
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4.8.2 Storage influence on sample quality
Most of the consolidation tests were carried out immediately after the sampling stage,
within three months. However, the need for collecting a large amount of data to fill
the dataset led to tests being performed at different time intervals, up to three years
after the sampling. In this scenario, the influence of storage time on sample quality
cannot be neglected. As discussed earlier, several processes may occur during this
time interval, including inadequate sealing, stress relief, migration of water, and
chemical changes, resulting in additional disturbance factors. These aspects have
been taken into account in the design of the TUT 132 tube sampler. In particular,
the soil sample was kept stored into the tube with the bottom ends sealed using
plastic films and caps to avoid loss of natural water content and oxidation. The soil
was extruded only prior to laboratory testing which has a positive effect on
preserving the sample quality as stress relief and water content variation are
somehow limited. Fig. 4.31 presents the comparison of CRS consolidation test
results on TUT 132 samples carried out at different time intervals. Comparison of
the stress-strain behavior shows that the sample seems to preserve its good quality
for up to three months of storage even though a small reduction of V'p and M0 is
observed. This reduction is particularly evident only after two years of storage (e.g.,
D1.12, E1.1), indicating that stress relief should be taken into account when testing
tube samples after such a long time interval. However, the confinement provided by
the tube during the sample storage has a beneficial effect in terms of sample quality.
Moreover, the water content does not seem to be subjected to sensible variation,
thus proving that adequate sealing is ensured.
Similarly, the influence of storage time on the mini-block samples is investigated.
However, owing to the lack of tests, the comparison at different time intervals is
made only between two tests carried out 3 and 250 days after sampling. Results
shown in Fig. 4.32 reveal that stress relief may be an important aspect to be
considered when testing mini-block samples after long storage time owing to the
lack of proper confinement. However, further investigation should be made before
drawing any conclusion. These aspects are discussed in detail by Amudsen (2018),
who conducted extensive research to investigate the influence of storage on mini-
block samples obtained from Norwegian clay deposits.
97
Figure 4.31. Storage influence on TUT 132 sample quality. CRS consolidation test results from (a)
Perniö, (b) Masku, (c) Paimio, and (d) Sipoo.
Figure 4.32. Storage influence on mini-block sample quality from Perniö clay.
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4.9 Conclusions
The present chapter outlined the experimental program results. Several aspects of
the soil behavior have been investigated, with particular emphasis on the stress
history and deformation characteristics. The possibility of establishing a database of
field and laboratory data plays a crucial role due to the lack of well-documented test
sites or relevant research studies on the applicability of CPTu testing on Finnish
clays. Therefore, particular effort has been given in collecting high-quality data from
the investigated sites.
The obtained results reveal that CPTu testing performs generally well in the
investigated sites, providing accurate and repeatable measurements. However, the
main issue is represented by the significant data scatter in terms of fs observed at the
sites. Therefore, in soft soils, it would be necessary to rely on piezocones
characterized by high accurate sleeve sensor (< 1 kPa) for the correct evaluation of
fs. These aspects are discussed by Di Buò et al. (2020).
The laboratory testing were conducted on undisturbed samples retrieved using
different sampling methods. As previously discussed, the sample quality is a key
aspect in soft sensitive soils as it may lead to erroneous evaluation of the geotechnical
parameters (e.g., V'p and M0). In this study, several issues related to the sampling
equipment, procedures, and storage effect are addressed. Overall, the TUT 132 and
mini-block samplers provided the highest sample quality while the ST:1 50 piston
sampler encountered several problems related to apparatus maintenance and
sampling operations especially in low plastic clays. However, high-quality ST:1
samples are obtained from Paimio and Sipoo using a brand-new apparatus and
adopting different sampling procedure. Clearly, further studies are required for a
better understanding of these issues.
The CRS consolidation test results have been analyzed to derive the V'p, M0, and
the deformation characteristics based on the Janbu’s Tangent Modulus and CRS
Swedish methods. It has been observed that the evaluation of V'p on high-quality
samples is generally straightforward and it does not require the assumption of
complex graphical methods. Moreover, the CRS Swedish method provides more
suitable curve fitting with the experimental results compared to the Tangent
Modulus method.
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5 EVALUATION OF THE PRECONSOLIDATION
STRESS OF FINNISH CLAYS FROM CPTu DATA
5.1 Introduction
The aspects related to depositional and post-depositional processes as well as the
development of a quasi-preconsolidation stress in natural clay deposits have been
extensively discussed in section 2.4. In particular, it has been shown as the
overconsolidation of a soil deposit is the result of several processes, including
changes in total stress and pore-water pressure as well as geo-environmental factors.
Overconsolidation induced by reduction of total stress is attributable to erosion,
glaciation, and excavation. Examples of overconsolidation caused by pore-water
pressure changes are groundwater table fluctuations, pore-water changes owing to
artesian flow, and desiccation. Among the geo-environmental factors, aging and
chemical alterations are the most common processes observed in natural clays, which
induce the development of a quasi-preconsolidation state. The aforementioned
processes may occur simultaneously, thus leading to a rather difficult stress history
profile evaluation. In such cases, the use of V'vy and yield stress ratio (YSR =
V'vy/V'v0) is considered more appropriate when referring to the stress history of these
soils. Nevertheless, the terms V'p and OCR are used herein owing to their
commonplace recognition.
Many aspects of soil behavior are influenced by their stress history, including
volume change during consolidation, stress dilatancy, induced pore pressure, peak
strength, and time-dependent behavior during shearing (Chen and Mayne 1994).
Traditionally, the V'p and OCR profiles are determined from 1D consolidation tests
(CRS and/or incremental loading tests) performed on undisturbed samples.
Although the utilization of such testing procedures has proliferated owing to its
simplicity, it is worth pointing out that oedometer testing is characterized by several
issues. First, the stress state of natural clays is not a 1D phenomenon, but it is
controlled by a four-dimensional condition, involving three effective stress variables
in the X, Y and Z directions (V'x, V'y, V'z) and time (t). Consequently, the stress
history would be best represented by a three-dimensional, time-dependent yield
envelope. Second, as observed in sections 3.3 and 4.8, sample disturbance may
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negatively affect the interpretation of test results. Finally, laboratory testing provides
discrete information depending on the sampling depth, and it requires a relatively
long testing time, thus making it rather expensive.
The interpretation of stress history from field data is attractive because several
issues related to laboratory testing are avoided. To this end, the piezocone test offers
a relatively quick and cost-effective testing method. However, a proper investigation
plan should always combine both laboratory and field tests. In particular,
consolidation tests are fundamental for the interpretation of piezocone data, which
can be then used to extrapolate information to other depths.
This section discusses the capability of piezocone testing for evaluating V'p of
Finnish clays. In relation to this, empirical and analytical methods are reviewed with
particular emphasis on the model proposed by Mayne (1991) and Chen and Mayne
(1994), which is based on cavity expansion (Vesic 1972; Vesic 1977) and modified
Cam clay (MCC) (Wroth 1984; Wroth and Houlsby 1985) theories. This method is
implemented on piezocone data obtained from the investigated sites to evaluate the
stress history profiles in terms of V'p and OCR. The effectiveness of the model is
assessed by comparing the model prediction and CRS consolidation tests. Finally,
simplified CPTu-based correlations valid for Finnish clays are derived.
5.2 Methods for evaluating the stress history of clays from CPTu
data
Several interpretative empirical and analytical approaches have been proposed over
the past decades for evaluating the stress history of clays based on piezocone
measurements. Empirical correlations are commonly used in geotechnical practice
to derive preliminary geotechnical parameters. In general, these correlations work
fairly well only in limited geological contexts; therefore, they need to be validated
when applied to different soils. In contrast, analytical methods are derived from well-
established theories, including elasticity, plasticity, and cavity expansion, and they
can be calibrated to match the local conditions. However, one of the major issues
related to analytical methods lies in the determination of advanced soil input
parameters that may not be available in low to medium risk projects.
This section reviews, in chronological order, existing interpretation methods
proposed in the literature. These approaches are generally based on qt, u2, and
normalized CPTu parameters (Q and Bq). In this study, fs has been considered only
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for soil classification (SBT) because the low accuracy of the measuring system does
not allow reliable correlations to be established.
5.2.1 Empirical models
One of the earliest interpretation methods to evaluate the OCR using CPT data was
proposed by Schmertmann (1978). It involved approximating the increase of qc with
depth as a straight line to extrapolate the original ground elevation, thus obtaining
the V'p profile with depth. The applicability of the method is limited to clays where
the OCR is caused only by the mechanical removal of the overburden, and the
method does not account for other processes such as desiccation, groundwater
fluctuations, and secondary compression.
The introduction of the pore-pressure measurement contributed to improve the
reliability of the empirical correlations. Several authors suggested the use of ƅum/qc
for indexing the OCR profile with depth, where ƅum is the excess pore water
pressure measured at the tip (u1) or behind the shoulder (u2), depending on the
position of the porous filter element.
Campanella et al. (1982) suggested that, for normally consolidated clays, a
constant ratio of ƅu2/qc equal to 0.7 can be assumed. In contrast, for
overconsolidated clays, Tumay et al. (1982) observed that ƅum/qc decreases with
increasing OCR.
Smits (1982) investigated the influence of the pore-pressure ratio (umî u0)/(qcî
u0) on the OCR. The piezocones used were equipped with filter elements located
behind the tip (u2 position) and in a truncated cone tip (u1). Results indicate a
decrease in the pore-pressure ratio with increasing OCR. The same trend is observed
with reference to the filter elements at both locations.
The modern pushing equipment allows the piezocone test to be performed at
great depths, which is particularly common in offshore applications. In such cases,
it is necessary to refer to normalized CPTu parameters to take into account the effect
of the overburden pressure on the measured data. Senneset et al. (1982) and Jefferies
and Funegard (1983) introduced a dynamic pore-pressure ratio, Bq = (umî u0)/(qc
î Vv0), which was later modified by replacing qc with qt (Wroth 1984). In addition,
the normalized cone resistance Qt = (qt î Vv)/V'v, the normalized effective cone
resistance Qeff = = (qt î u2)/V'v. Exploiting data from the Onsøy site, Wroth (1984)
obtained a good site-specific correlation between Bq and OCR. However, difficulties
arise when investigating the relationship between Bq and OCR for different sites.
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Studies conducted by several authors (Jamiolkowski et al. 1985; Lunne et al. 1985;
Keaveny and Mitchell 1986; Robertson et al. 1986), after examining piezocone data
from different clay sites, indicate that a simple Bq – OCR relationship cannot be
established. For example, the results from the North Sea clays (Lunne et al. 1985)
are characterized by an evident data scatter. Based on this, it may be concluded that
the correlation between OCR and Bq in indeed very site specific (Jamiolkowski et al.
1985; Konrad et Law 1987).
Sully et al. (1988) proposed a different pore-pressure-based correlation for
deriving the OCRs in clays. In particular, three different parameters were defined:
PPR1 = u1/u2; PPR = (u1î u0)/(u2î u0), and PPD = (u1î u2)/u0. Exploiting data
from several different sites, they suggested OCR = 0.66 + 1.43 PPD valid for 1 <
OCR < 10. Although good data fitting can be achieved, this method is not easily
implemented because it requires a dual-element piezocone, which is not commonly
used in geotechnical practice.
Over the past decades, a number of empirical correlations to derive the V'p and
OCR from CPTu parameters have been proposed in the geotechnical literature. In
particular, Chen and Mayne (1996) conducted simple and multiple regression
analyses to evaluate correlative trends compiling a database of 205 clay sites around
the world. More recently, D’Ignazio et al. (2019) proposed “best-fit” CPTu-based
correlations from linear regression analyses based on a large database of 249 high-
quality data points covering onshore and offshore clays worldwide, including Finnish
clay sites. This study indicates linear relationship between Qt and OCR in slightly OC
clays, with coefficient ranging between 0.15 and 0.5. In contrast, for OCR>5, an
exponential trend is observed.
The most relevant and used empirical correlations in the common practice are
summarized in Table 5.1. As previously noted, most of these correlations are derived
in particular geological contexts and their applicability in different soil conditions
should always be assessed. Furthermore, it has been observed that the correlations
based on normalized CPTu parameters are generally more reliable, particularly when
deep measurements are performed.
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Table 5.1. Summary of empirical methods for evaluating the stress history of clays.
Parameter Correlation Reference
V'p
V'p = f (qc) Mayne (1986)
V'p = f (qc – ıv0) Tavenas and Leroueil (1987)
V'p = 0.305 (qt – ıv0) = 0.305 qnet Chen and Mayne (1996)
V'p = 0.53 (u2 – u0) = 0.53 ¨u2 Chen and Mayne (1996)
V'p = 0.50 (qt – u2) = 0.50 qeff Chen and Mayne (1996)
V'p = [f (qtî Vv0)]; [f (u2î u0)]; [f (qtî V'v0)] D’Ignazio et al. (2019)
OCR
OCR = f (qc î Vv0)/V'v0 Schmertmann (1978)
OCR = f (u1/qc) Baligh and Levadoux (1986)
OCR = 0.317 Qt Chen and Mayne (1996)
OCR = (Qt/3)1.2 Karlsrud et al. (2005)
OCR = 0.314 [(u2 – u0)/V'v ]1.35 Mayne and Holtz (1988)
OCR = f [(u1í u2)/V'v0]; f [(qtî Vv0)/V'v0] Larsson and Mulabdic (1991)
OCR = 0.545 Qeff 0.969 Chen and Mayne (1996)
OCR = 1.026 Bq -1.077 Chen and Mayne (1996)
OCR = 0.63 Bq -1.286 Schroeder et al. (2006)
5.2.2 Analytical models
A number of analytical models to assess the stress history of clays have been
proposed in the literature. Most of these are formulated on the basis of well-
established theories involving elasticity, plasticity, limit equilibrium, and cavity
expansion. Most notably, many formulations combining the SCE and CSSM theories
(Wroth 1984; Mayne 1991) have been developed and implemented, providing a
rather good estimation of V'p and OCR. This section presents an overview of the
existing theories and solutions developed over the past decades.
Konrad and Law (1987) derived an analytical solution by studying the stress path
and pore pressures induced in a soil element beneath the cone during penetration.
The vertical yield stress mobilized during penetration (V'yc) is expressed as follows.
ɐ୷ୡᇱ = ୯౪ି஑୳మଵାஔ ୲ୟ୬஍ᇲୡ୭୲஬ (5.1)
Based on equation (5.1), the vertical effective yield stress is derived as the difference
between the induced total vertical stress and the total pore pressure. The total vertical
stress is expressed as the cone tip resistance, assuming that the unit shear stress at
the cone–soil interface is computed using effective stress parameters combined with
the measured pore pressures generated during penetration. The model requires the
assumption of a corrective factor D= u1/u2, which is used to determine the pore
pressure induced in the failure zone, a friction factor between the soil and cone
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surface (G), the apex angle (2T)and the effective friction angle (I'). For sensitive
Canadian clays, a factor D= 1.0–1.1 is suggested while G= 0.500.75 for smooth
steel and G= 1.0 for normal roughness can be assumed. As an example, by assuming
D= 1.0, G= 1.0, I' = 30°, and T 30°, OCR can be expressed as follows.
OCR = 0.5 ቀ୯౪ି୳మ஢౬బᇲ ቁ (5.2)
Sandven et al. (1988) and Senneset et al. (1989) proposed an effective stress analytical
approach to estimate the in situ preconsolidation stress based on the effective cone
tip resistance (qeff = qt î u2), attraction (a' = c'/tanI'), and bearing capacity
coefficient as a function of I' and Bq, defined as follows:
ɐ୮ᇱ = ୯౛౜౜ାୟᇲ୒ౙ െ aᇱ. (5.3)
Similarly, Sandven (1990) suggested a total stress approach based on classical bearing
capacity concepts (qtîVv0 = Nc su) and assuming su as a function of V'p (su = D' (V'p
+ a)), resulting in the following expression:
ɐ୮ᇱ = ୯౪ି஢౬బ୒ౙ ஑ᇲ െ a, (5.4)
where D' = sinI'/2 and Nc is the cone bearing factor.
Several analytical models have been derived using cylindrical and spherical cavity
expansion theories with the MCC theory (Wroth 1984; Mayne and Holtz 1988;
Mayne 1991; Mayne and Chen 1994). These models were later improved to account
for the different behaviors characterizing sensitive and structured clays (Agaiby and
Mayne 2018). Section 5.4 describes in detail the theoretical framework, development,
and application of such models.
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5.3 Applicability of existing empirical correlation for evaluating
the stress history of Finnish clays
In the previous sections, several existing correlations and analytical models for
evaluating the stress history of natural clay deposits have been presented. As pointed
out, most of these are derived for limited geological context and soil types while
others are based on large database (e.g., Chen and Mayne 1996; D’Ignazio et al.
2019). However, their applicability in particular soils, as soft sensitive clays, should
always be verified to avoid misleading prediction of geotechnical parameters. As an
example, Di Buò et al. (2018) and Selänpää et al. (2018) investigated the applicability
of proposed empirical correlations for deriving the strength and deformation
properties of Finnish clays, pointing out that a proper calibration of such correlations
is needed to fit the experimental data.
Figure 5.1. Validity of the empirical CPTu-based correlations in Finnish clays.
This section examines the applicability of some of existing CPTu-based correlations
in Finnish clays based on the experimental results obtained in this study. The plots
illustrated in Fig. 5.1 indicate fair trend between V'p and OCR with the CPTu
parameters qnet, ¨u2, qeff, and the normalized parameter Qt. In contrast, as previously
mentioned, higher data scatter is observed when the parameter Bq is adopted. It is
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worth to point out that the proposed empirical factors do not always fit the
experimental data. In particular, the correlation proposed by Chen and Mayne (1996)
based on ¨u2 provides higher values compared to the experimental data while the
one based on qeff slightly underestimates V'p. Similarly, the OCR vs Qt and OCR vs
Bq correlations appear to not fully match the experimental data. These observations
clearly prove that a proper validation and calibration of these empirical factors is
needed to improve the reliability of the geotechnical parameters estimation. These
aspects will be analyzed in detail in the following sections.
5.4 Evaluation of the stress history of clays based on the
spherical cavity expansion (SCE) and critical state soil
mechanics (CSSM) theories
5.4.1 Introduction
Several methods for evaluating the stress history of clays are presented in the
previous section. As observed, most of the empirical methods are developed based
on a limited database; therefore, their applicability in different geological contexts
should always be investigated. In contrast, analytical methods appear to be more
reliable, although they often require the assumption of advanced geotechnical
parameters. Several authors have pointed out that a proper methodology should be
based on physical reasoning, a well-established theoretical framework, and
normalized engineering parameters. In addition, these methods should be
implemented to a variety of soil conditions to investigate their applicability and
limitations (Wroth 1988; Chen and Mayne 1994).
This section presents a hybrid analytical model proposed by Mayne (1991) and
Chen and Mayne (1994), which is based on the SCE and CSSM theories to derive
the soil stress history from piezocone data. A modified SCE-CSSM solution has been
recently proposed by Agaiby (2018), which is more suitable in highly sensitive and
structured clays. Both approaches are presented and used for assessing the V'p and
OCR profiles for the sites investigated in this study.
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5.4.2 Original SCE-CSSM solution
The evaluation of the commonly known “point resistance” is fundamental in many
geotechnical applications involving the bearing capacity of deep foundations,
breakout resistance of anchors, and piezocone data interpretation. Based on the
conventional plastic theories, qt can be expressed in terms of su as follows:q୲ = N୩୲s୳ + ɐ୴଴, (5.5)
where Nkt is the cone bearing factor, which depends on the specific theory employed.
Konrad and Law (1987) provide a summary of 13 different expressions for
determining Nkt. By investigating the theoretical problem of the expansion of cavities
in infinite soil mass, Vesic (1972) proposed the following formulation:
N୩୲ = ସଷ ሺln Iୖ + 1ሻ + ஠ଶ + 1, (5.6)
where IR is the rigidity index, defined as the ratio of the shear stiffness modulus (G)
and su. Combining equations (5.5) and (5.6), an expression to derive qnet can be
obtained as follows.
q୬ୣ୲ = q୲ െ ɐ୴଴ = ቂସଷ ሺln Iୖ + 1ሻ + ஠ଶ + 1ቃ s୳ (5.7)
Keaveny and Mitchell (1986) showed that during cone penetration, the soil beneath
the cone tip follows a stress path corresponding to the one followed during a triaxial
compression test. The cavity expansion theory proposed by Vesic (1977) provides a
suitable representation of the cone tip resistance (qt) when the value of su is
determined from the CK0UC triaxial test. Therefore, the value of su can be derived
from the MCC theory in terms of effective stresses and stress history effects (Wroth
and Houlsby 1985) as follows:
s୳ = ୑ଶ ቀ୓ୈଶ ቁᏉ ɐ୴୭ᇱ , (5.8)
where M = 6 sinI'/(3 î sinI') is the slope of the frictional envelope for triaxial
compression in q/p' space, I' is the effective stress friction angle, and /is the plastic
volumetric strain potential [/= 1 î (Cr/Cc)], where Cr is the swelling index and Cc
is the virgin compression index in 1D compression). The value of /can be assumed
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as constant for natural clays, varying from 0.80 for insensitive clays to 0.9–1 for
structured and/or sensitive clays. Because the MCC model specifically applies to
isotropically consolidated soils, equation (5.8) provides an approximate expression
for evaluating the soil strength (Mayne 1991).
By combining the SCE and MCC solutions, the net cone tip resistance can be
expressed as follows.
q୲ െ ɐ୴଴ = ቂସଷ ሺlnIୖ + 1ሻ + ஠ଶ + 1ቃ ୑ଶ ቀ୓ୈଶ ቁஃ ɐ୴଴Ԣ (5.9)
Therefore, the soil stress history can be derived by rearranging equation (5.9) to
obtain the following.
OCR = 2 ቈቀమ౉ቁ(୯౪ି஢౬బ)/஢౬బᇱర
యሺ୪୬୍౎ାଵሻା
ಘ
మାଵ
቉
ሺଵ/ஃሻ
(5.10)
Similarly, the excess pore water pressure (¨u2 = u2î u0) induced by advancing the
probe can be expressed in terms of the SCE and CSSM theories, as detailed by Mayne
and Bachus (1988). In particular, ¨u2 can be divided into two main contributors:
οuଶ =  οu୭ୡ୲ + οuୱ୦ୣୟ୰, (5.11)
where ¨uoct is the change in the octahedral stresses and ¨ushear is the change in the
shear stresses. Using the strain path method, Levadoux et al. (1986) showed that
when using the piezocone with the filter element located at the cone tip (type 1), ¨u1
is mostly controlled by ¨uoct, whereas ¨ushear is generally less than 20% of the total
measured excess pore pressure. Therefore, ¨ushear can be neglected (¨u2§ ¨uoct). In
contrast, when the pore pressure is measured behind the tip (type 2), higher shear-
induced pore water pressure is generated and the assumption ¨u2§ ¨uoct cannot be
considered valid.
By implementing the SCE theory, ¨uoct can be expressed as follows.
οu୭ୡ୲ = ସଷ s୳ln (Iୖ) (5.12)
Mayne and Bachus (1988) proposed an equation to derive the shear-induced
component of the excess pore pressure by assuming a constant stress path P, thus
obtaining the following equation:
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οuୱ୦ୣୟ୰ =  ɐ୴଴ᇱ ൤1െ ቀ୓ୈଶ ቁᏉ൨. (5.13)
Combining equations (5.11), (5.12), and (5.13), ¨u2 can be expressed as follows.
οuଶ = ସଷ s୳ lnሺIୖሻ + ɐ୴଴ᇱ ൤1െ ቀ୓ୈଶ ቁᏉ൨ (5.14)
Using the MCC model, the value of su can be expressed in terms of M and OCR (eq.
5.8), and the ¨u2 can be defined as follows.
οuଶ = ଶଷM ቀ୓ୈଶ ቁᏉ ɐ୴୭ᇱ lnሺIୖሻ+ ɐ୴଴ᇱ ൤1െ ቀ୓ୈଶ ቁᏉ൨ (5.15)
Equation (5.15) can be rearranged to provide a direct expression for OCR.
OCR = 2 ቎ ቆο౫మಚ౬బᇲ ቇିଵమ
య୑୪୬ሺ୍౎ሻିଵ
቏
ሺଵ/ஃሻ
(5.16)
Equation (5.16) takes into account the contribution of both ¨uoct and ¨ushear.
However, for soft to firm clays, the shear component of pore water pressure is small
(<20% of the total measured pore water pressure). Considering low
overconsolidated clays (OCRs < 3), this portion can essentially be neglected, which
reduces equation (5.16) to the following.
OCR = 2 ቎ ቆο౫మಚ౬బᇲ ቇమ
య୑୪୬ሺ୍౎ሻ
቏
ሺଵ/ஃሻ
(5.17)
Finally, the OCR can be expressed in terms of the effective cone tip resistance (qeff
= qtî u2) by subtracting equation (5.14) from equation (5.7) to obtain
q୲ െ ɐ୴଴ െ uଶ + u଴ = ɐ୴଴ᇱ ൤ሺ1.95M + 1ሻ ቀ୓ୈଶ ቁஃ െ 1൨, (5.18)
which can be rearranged as follows.
OCR = 2 ቂ ଵଵ.ଽହ୑ାଵ ቀ୯౪ି୳మ஢౬బᇱ ቁቃሺଵ/ஃሻ (5.19)
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Equations (5.10), (5.17), and (5.19) provide three different formulations to estimate
OCR from the piezocone data and additional soil parameters, including the plastic
volumetric strain potential (/rigidity index (IR),and friction angle (I') is needed.
Based on this theoretical framework, Mayne (2005) derived simplified
expressions for evaluating the stress history of inorganic, low overconsolidated
(OCR < 2), and low sensitive clays. To this end, characteristic values of Ꮙ = 1, IR =
100, and M = 1.2 (corresponding to I' = 30°) are adopted, resulting in the following.
ɐ୮ᇱ = 0.33ሺq୲ െ ɐ୴଴ሻ (5.20)
ɐ୮ᇱ = 0.54ሺuଶ െ u଴ሻ (5.21)
ɐ୮ᇱ = 0.60ሺq୲ െ uଶሻ (5.22)
The simplified equations fairly agree with the experimental test results from 22
Canadian clay sites investigated by Demers and Leroueil (2002). However, the
coefficients (0.33; 0.54; 0.60) should be calibrated to fit with local geological soil
conditions.
Mayne et al. (2009) showed that equation (5.20) provides a rather good estimation
of V'p when compared with the experimental results from a large database of natural
clays while fissured clays do not fit in the same trend, thus requiring different
calibration factors (Fig. 5.2).
The application of this method to “well-behaved” clays appears to be rather
effective, as shown for soft Brisbane clay in eastern Australia, soft Bothkennar clay
in the UK, soft offshore clays at Troll East in the North Sea (Mayne 2008), and soft
Burswood clay in western Australia (Mayne et al. 2010). However, the SCE-CSSM
solution provides misleading results when applied to organic, sensitive, and
structured clays. As an example, Fig. 5.3 illustrates the application of the SCE-CSSM
model to Haney sensitive clay, resulting in an evident prediction disagreement.
Experimental evidence shows that the hybrid SCE-CSSM framework developed by
Mayne (1991) and Chen and Mayne (1994) suffers from inaccuracy when
implemented in sensitive and structured clays, resulting in three different profiles
characterized by 0.6(qtî u2) < 0.33(qtî Ƴv0) < 0.53(u2î u0).
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Figure 5.2. Relationship between the V'p and net cone resistance (qnet) in intact and fissured clays
(after Mayne et al. 2009).
Figure 5.3. SCE-CSSM method applied to the CPTu data of Haney sensitive clay (Mayne et al. 2018).
Similar results are observed for Leda sensitive clay at the Gloucester site (Fig. 5.4),
where the SCE-CSSM model is characterized by the inconsistent prediction of the
soil stress history.
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Figure 5.4. Stress history profiles evaluated from the SCE-CSSM framework for the Gloucester site
(Agaiby 2018).
5.4.3 Modified SCE-CSSM solution
To overcome the issues related to the implementation of the SCE-CSSM, Agaiby
(2018) developed a modified SCE-CSSM method to address the stress history of
sensitive clays. The main reason for the inaccuracy of the analytical method is the
strain incompatibility between the deviatoric stress (q = V1 î V3) and u2 observed
from triaxial compression testing. In particular, CICU triaxial data from the Perniö
clay (Fig. 5.5) shows that when the deviatoric stress reaches a peak at a strain of
about 1%, the pore water pressure is still developing and reaches its peak at a larger
strain (>10%). This stress-strain incompatibility is well-documented in the literature
for various structured geomaterials (e.g., Leroueil and Hight 2003).
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Figure 5.5. Strain incompatibility between the deviatoric stress (q) and excess pore water pressure
(u2) for Perniö clay.
The modified SCE-CSSM solution developed by Agaiby (2018) is based on two
“operational” effective frictional parameters: (a) Mc1 corresponding to the friction
angle at maximum deviatoric stress (I'PEAK) and related to the cone tip resistance
(qt); (b) Mc2 corresponding to the friction angle at maximum obliquity (I'MO) related
to the measured u2. Therefore, with these assumptions, equations (5.9) and (5.15)
can be rearranged as follows.
q୲ െ ɐ୴଴ = ቂସଷ ሺlnIୖ + 1ሻ + ஠ଶ + 1ቃ ୑ౙభଶ ቀ୓ୈଶ ቁஃ ɐ୴଴Ԣ (5.23)
οuଶ = ଶଷMୡଶ ቀ୓ୈଶ ቁᏉ ɐ୴୭ᇱ lnሺIୖሻ+ ɐ୴଴ᇱ ൤1െ ቀ୓ୈଶ ቁᏉ൨ (5.24)
On the basis of these modified derivations, OCR can be expressed by three different
formulations as follows.
OCR = 2 ቂ ୕/୑ౙభሾ଴.଺଺଻ ୪୬ሺ୍౎ሻାଵ.ଽହሿቃሺଵ/ஃሻ (5.25)
OCR = 2 ቂ ୙כିଵ଴.଺଺଻୑ౙమ୪୬ሺ୍౎ሻିଵቃሺଵ/ஃሻ (5.26)
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OCR = 2 ቈ୕ିቀ౉ౙభ౉ౙమቁ(୙כିଵ)
ଵ.ଽହ୑ౙభା౉ౙభ౉ౙమ ቉
ሺଵ/ஃሻ
(5.27)
Here, Q = (qt î Vv0)/V'v0 is the normalized tip resistance, U* is an alternative
normalized pore water pressure [U* = (u2î u0)/Ƴ'v0], as detailed by Schneider et al.
(2008), Mc1 and Mc2 are the CSSM frictional parameters in the q/p' space taken at
maximum peak strength and maximum obliquity, defined respectively as follows:
Mୡଵ = ଺ୱ୧୬மౌుఽేᇲଷିୱ୧୬மౌుఽేᇲ (5.28)
Mୡଶ = ଺ୱ୧୬ம౉ోᇲଷିୱ୧୬ம౉ోᇲ . (5.29)
In the case of advanced geotechnical analysis, a more sophisticated and versatile
solution can be developed that includes an effective cohesion intercept (c'), two
rigidity indices, and two plastic strain terms. For the purpose of this study, the
original and modified SCE-CSSM approaches are implemented for the stress history
evaluation of the investigated sites presented. However, in this study, both solutions
are implemented with the careful evaluation of the soil parameters used in the
models.
5.4.4 Evaluation of SCE-CSSM soil parameters
As previously detailed, the modified SCE-CSSM formulation requires the
assumption of two friction angles (I'PEAK and I'MO), IR, and ƌ. This section discusses
the procedures adopted for evaluating these parameters for the investigated clays.
The effective friction angles are determined using three different approaches: (a)
exploiting the available triaxial test results from each investigated site; (b) based on
the NTH solution; (c) as “operational” values that provide the best fitting between
the model prediction and experimental data. The experimental program conducted
within the present thesis does not include triaxial compression tests. However,
results from studies conducted by Mansikkamäki (2015), Lehtonen (2015), and
Selänpää (2020) are exploited to determine the value of I'PEAK and I'MO. Moreover,
the NTH solution, proposed by the Norwegian Institute of Technology, offers a
methodology for evaluating the effective friction angle (I') based on the normalized
parameters Q and Bq. The method has been extensively discussed by Janbu and
Senneset (1974), Senneset and Janbu (1985), Senneset et al. (1989), Sandven (1990),
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and Sandven and Watn (1995). Based on the original NTH framework, Mayne (2007)
derived an approximate solution as follows:
Ȱᇱ = 29.5 B୯଴.ଵଶଵൣ0.256 + 0.336 B୯ + logQ൧. (5.30)
The validity of equation (5.30) is limited to OCR < 2.5, 20°  I'  45°, and 0.1  Bq
 1.0. Finally, the values of Mc1 and Mc2 are obtained by calibrating the SCE-CSSM
model to fit the CRS consolidation test results and are compared with those provided
by the abovementioned procedures.
The rigidity index (IR = G/su) is a key parameter in many geotechnical
applications and is incorporated in various theories and analytical solutions.
However, the evaluation of IR is not straightforward and requires careful analysis
(Krage et al. 2014). In particular, owing to the dependency of the shear modulus (G)
on the shear strain (J), it is necessary to set a reference stress range when evaluating
IR. As an example, Konrad and Law (1987) and Schnaid et al. (1997) suggested to
use the shear modulus corresponding to 50% of the total mobilized strength (G50).
In addition, it has been shown that IR depends on soil sensitivity, OCR, PI, and
organic content (Randolph et al., 1979). In the literature, several attempts have been
made to correlate IR based on the soil index properties (Keaveny 1985; Keaveny and
Mitchell 1986; Mayne 2001). Clearly, these uncertainties related to the assumption of
the correct value of IR may result in misleading estimation. Therefore, the use of
CPTu-based models for evaluating IR is of great interest to avoid all issue related to
laboratory testing. To this end, the SCE-CSSM framework offers the possibility to
determine IR in terms of the CPTu normalized parameters (Q and U*) and soil
friction angles. By combining equations (5.10) and (5.17), IR can be expressed as
follows:
Iୖ = exp ൤ଵ.ହାଶ.ଽଶହ୑ ୟ౧୑(ଵି ୟ౧) ൨, (5.31)
where aq is the slope parameter defined as
a୯ = ୙כିଵ୕ = ୳మି஢౬౥୯౪ି஢౬౥ . (5.32)
The parameter aq can be then evaluated for any clay deposit as the slope parameter
of the plot (U* î 1) versus Q. Alternatively, aq is found as the slope of (u2 î Ƴv0)
versus (qtî Ƴv0).
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Similarly, for highly sensitive clays, the expression for IR can be derived using
equations (5.25) and (5.26), thus obtaining the following.
Iୖ = exp ൤ଵ.ହାଶ.ଽଶହ୑ౙభ ୟ౧୑ౙమି୑ౙభୟ౧ ൨ (5.33)
In the present study, both equations (5.31) and (5.33) are adopted to determine IR
for both the original and modified SCE-CSSM solutions.
Experimental results from laboratory strength data indicate that the value of Ꮙ
can be assumed as constant for natural clay. Mayne (1988) proposed values of 0.75,
0.80, and 0.85 for compression, simple shear, and extension modes, respectively.
Chandler (1988) indicates that for low overconsolidated clays, Ꮙ = 1 is a reasonable
value.
5.5 Application of the SCE-CSSM model to Finnish clays
Recent studies conducted by Agaiby (2018) and Mayne et al. (2019) showed that the
modified SCE-CSSM solutions generally provide reliable stress history prediction
when applied to highly sensitive and structured clays. Di Buò et al. (2019d)
investigated in detail the implementation of the SCE-CSSM models in Finnish clays,
deriving simplified correlation valid in Finnish clays.
In this section, both the original and modified SCE-CSSM models have been
adopted for deriving the Ƴ'p and OCR profiles of the investigated sites. In particular,
the solutions have been implemented by considering one representative CPTu
sounding for each site, which is selected based on the achieved test quality (section
3.2.5) and overall repeatability. The model prediction is then compared to the CRS
laboratory test results to assess the validity of the prediction.
5.5.1 Perniö
As mentioned earlier, the Perniö site worked as a benchmark for a number of studies
conducted at Tampere University and Aalto Universities (Mansikkamäki 2015;
Lehtonen 2015; Mataic 2016; Di Buò et al. 2019a), which provided an extensive
database of field and laboratory tests. The available data is exploited to determine
the input parameters (IR, I', and Ꮙ) necessary for implementing the SCE-CSSM
solutions. The effective strength properties of Perniö clay have been investigated by
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Mansikkamäki (2015) and Lehtonen (2015). In particular, Mansikkamäki (2015)
suggested an effective peak friction angle I'PEAK = 25°–26° (assuming cohesion c' =
0) based on the interpretation of CAUC tests, while Lehtonen (2015) recommended
a slightly higher value of I'PEAK = 27.8° with a cohesion c' = 3.4 kPa. Available
CAUC and CIUC tests for Perniö clay are summarized in Table 5.2, while the
effective stress paths are shown in Fig. 5.6. It is worth observing that the
determination of the friction angles I'MO and I'PEAK from the TX test results is not
straightforward. The applied fitting is not consistent for all the available tests.
Possible reasons that justify this evidence may lie in the sample disturbance affecting
the test results and in the assumption of c' = 0 of the SCE-CSSM method, which
significantly influences the fitting procedure. However, as shown in Fig. 5.6, a line is
fitted through the stress points at maximum q/p and maximum obliquity, giving
values of I'PEAK = 28° and I'MO = 36°, respectively. Moreover, the NTH solution is
used to estimate the friction angle based on the normalized parameters Q and Bq,
shown in Fig. 5.7b and 5.7c, respectively. By assuming Bq = 0.80 and Q = 4.50,
equation (5.30) gives a friction angle of I' = 33.7°.
Both the original and modified SCE-CSSM solutions have been implemented by
assuming the effective friction angles that provide the best fitting with the
experimental data, regardless of the experimental results from TX testing. Therefore,
the selected parameters should be considered as “operational” values adopted by the
analytical models. The original solution has been implemented by assuming I' = 28°,
IR=580 (eq. 5.31 with slope parameter aq = 0.54), and ƌ = 1. The modified solution,
instead, provides the best fitting with the CRS consolidation test results with the
following set of parameters: I'PEAK = 31°, I'MO = 33°, IR = 191 (based on eq. 5.33),
and ƌ = 1. Results presented in Fig. 5.7 show that both solutions provide fairly good
prediction of the preconsolidation stress. Note the original solution is characterized
by slightly inconsistent prediction owing to the disagreement between the three
equations, particularly evident below 5-m depth. However, such disagreement does
not appear to be as significant as the one observed by Agaiby (2018) for Leda
sensitive clay. In contrast, the modified solution is more suitable for Perniö clay.
Therefore, the assumption of I'PEAK and I'MO overcomes the issues related to the
strain incompatibility observed from the TX test results. However, the friction angles
giving the best fitting between the model prediction and CRS consolidation test
results are slightly different than those evaluated from the TX test results. Possible
reasons justifying this observation will be discussed later in this section.
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Figure 5.6. Effective stress paths of TX compression tests for Perniö clay, indicating mobilized friction
angle at maximum stress qmax and maximum obliquity.
Table 5.2. Summary of triaxial test results, Perniö.
Test ID Type Depth (m)
In situ stress state Consolidation state
Ƴ'v0 (kPa) Ƴ'p (kPa)
OCR
Ƴ'1 (kPa) Ƴ'3 (kPa)
OCR
(test)
A1 CAUC 2.65 22 36 1.60 51.4 30 1.00
A2 CAUC 3.2 25 40 1.60 71.8 66.7 1.00
A3 CAUC 3.2 25 40 1.60 72.4 33.8 1.00
A4 CAUC 3.4 26 41 1.60 61.2 51.7 1.00
A5 CAUC 3.85 28 40 1.40 46.5 41.5 1.00
A6 CAUC 3.85 28 40 1.40 60.5 55.5 1.00
A7 CAUC 4.05 29 41 1.40 52 40.5 1.00
A8 CAUC 4.2 31 45 1.45 86.2 48.9 1.00
A9 CAUC 4.4 33 46 1.40 87.9 65.0 1.00
A10 CIUC 4.4 33 46 1.40 65 63.7 1.00
A11 CAUC 4.4 33 46 1.40 44.8 13.5 1.00
A12 CAUC 4.4 33 46 1.40 63.2 28.7 1.00
A13 CIUC 6.1 50 55 1.10 90 90 1.00
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Figure 5.7. Implementation of the modified SCE-CSSM analytical solution on Perniö clay: a) CPTu
soundings; b) normalized tip resistance (Q) versus depth; c) normalized pore pressure ratio (Bq)
versus depth; d) evaluation of the slope parameter aq; e) and f) implementation of the original SCE-
CSSM for evaluating V'p and OCR, respectively; g) and h) implementation of the original SCE-CSSM
for evaluating V'p and OCR, respectively.
5.5.2 Lempäälä
The investigation conducted at the Lempäälä site is characterized by the lowest
sample quality among all the sites. Problems related to sampling and soil disturbance
are discussed in section 4.8. To avoid misleading interpretation, the analysis is
conducted considering only the TUT 132 samples, which show higher quality
compared with the ST:1 50 piston samples. The triaxial compression tests of
Lempäälä clay are not available; therefore, the friction angle is evaluated based on
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the analytical approaches. Based on equation (5.30), the NTH solution gives a value
of I' = 30° by assuming Q = 3.50 and Bq = 0.75. The original SCE-CSSM solution
provides the best fitting with the experimental data, assuming I' = 30°, IR = 142 (eq.
5.31, aq = 0.47), and ƌ = 1. As observed for Perniö clay, the three equations show a
slight disagreement among each other (Fig. 5.8e and 5.8f). In contrast, the modified
solution has been applied assuming I'PEAK = 28° and I'MO = 30°, IR = 88 (eq. 5.33),
and ƌ = 1, proving more consistent prediction among the three equations (Fig. 5.8g
and 5.9h). Note that the upper 4-m layer, which constitutes organic fill material, is
characterized by evident disagreement among the three profiles. Clearly, the
applicability of the SCE-CSSM models in such soils needs further investigation.
Figure 5.8. Implementation of the modified SCE-CSSM analytical solution on Lempäälä clay: a) CPTu
soundings; b) normalized tip resistance (Q) versus depth; c) normalized pore pressure ratio (Bq)
versus depth; d) evaluation of the slope parameter aq; e) and f) implementation of the original SCE-
CSSM for evaluating V'p and OCR, respectively; g) and h) implementation of the original SCE-CSSM
for evaluating V'p and OCR, respectively.
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5.5.3 Masku
The laboratory testing program conducted on Masku clay has been performed on
undisturbed samples taken at three depth levels (3, 5, and 8 m) using the TUT 132
sampler. For this site, the comparison between the SCE-CSSM models and
experimental test results is performed on a limited amount of data. The effective
friction angles are evaluated based on two CIUC tests from samples taken at 2.5 and
2.9 m depth (Table 5.3, Fig. 5.9), giving values of I'PEAK = 30° and I'MO = 36.9°. The
NTH solution (eq. 5.30) provides I' = 35.9° based on Q = 6.50 and Bq = 0.65. The
original solution is implemented by assuming I' = 36°, IR = 124 (eq. 5.31), and ƌ =
1 and provides a rather good estimation of Ƴ'p and OCR (Fig. 5.10e and 5.10f).
Conversely, it has been observed that for Masku clay, the modified solution provides
the best fitting with the experimental data only when I'PEAK = I'MO = 36°, which
corresponds to the original analytical solution. One of the main reasons that may
explain these observations is the low sensitivity of Masku clay, which makes the
original SCE-CSSM model more suitable for deriving Ƴ'p and OCR. These aspects
will be analyzed in detail later in the thesis.
Table 5.3. Triaxial tests, Masku.
Test ID Type Depth (m)
In situ stress state Consolidation state
Ƴ'v0 (kPa) Ƴ'p (kPa) OCR Ƴ'1 (kPa) Ƴ'3 (kPa) OCR (test)
C1 CIUC 2.5 20 50 2.50 100 100 1.00
C2 CIUC 2.9 20 53 2.65 51 51 1.00
Figure 5.9. Effective stress paths from CIUC TX tests, Masku.
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Figure 5.10. Implementation of the modified SCE-CSSM analytical solution on Masku clay: a) CPTu
soundings; b) normalized tip resistance (Q) versus depth; c) normalized pore pressure ratio (Bq)
versus depth; d) evaluation of the slope parameter aq; e) and f) implementation of the original SCE-
CSSM for evaluating V'p and OCR, respectively.
5.5.4 Paimio
Results obtained from the implementation of the SCE-CSSM models for Paimio clay
are shown in Fig. 5.12. As for the other sites, the friction angles are determined based
on the available TX test results, which are summarized in Table 5.4 and illustrated in
Fig. 5.11. The effective stress paths suggest I'PEAK = 27.5° and I'MO = 33.7°.
Assuming Q = 4.50 and Bq = 0.80, the NTH solution gives an effective friction angle
I' = 33.7°, which is consistent with the friction angle at maximum obliquity evaluated
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from the experimental results. The best fitting with the CRS consolidation test results
is obtained by assuming I' = 28°, IR = 580 (eq. 5.31), and ƌ = 1 in the original SCE-
CSSM solution. Although an overall good prediction is obtained, the equation based
on the excess pore pressure overestimates the stress history parameters below 6-m
depth (Fig. 5.12e and 5.12f). As discussed in section 4.5, the bottom layer is
characterized by higher plasticity, which may explain the different applicability of the
model. The modified SCE-CSSM solution, however, provides the best data fitting
by assuming I'PEAK = 31° and I'MO = 34°, which are then used to evaluate IR = 138
(eq. 5.33). As observed for Perniö clay, both solutions provide fairly good prediction.
It is observed that the U-based equation from the original solution (eq. 5.17) slightly
overestimate the Ƴ'p while the three verticals derived from the modified solution are
more consistent and in agreement with the experimental data.
Table 5.4. Triaxial tests, Paimio.
Test ID Type Depth (m)
In situ stress state Consolidation state
Ƴ'v0 (kPa) Ƴ'p (kPa) OCR Ƴ'1 (kPa) Ƴ'3 (kPa) OCR (test)
D1 CIUC 4.5 32.3 65 2.01 126 126 1
D2 CIUC 4.7 33.3 65 1.95 97 97 1
D3 CIUC 4.4 31.8 65 2.04 65 65 1
Figure 5.11. Effective stress paths from CIUC TX tests, Paimio.
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Figure 5.12. Implementation of the modified SCE-CSSM analytical solution on Paimio clay: a) CPTu
soundings; b) normalized tip resistance (Q) versus depth; c) normalized pore pressure ratio (Bq)
versus depth; d) evaluation of the slope parameter aq; e) and f) implementation of the original SCE-
CSSM for evaluating V'p and OCR, respectively; g) and h) implementation of the original SCE-CSSM
for evaluatingV'p and OCR, respectively.
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5.5.5 Sipoo
Three available triaxial CIUC tests performed on undisturbed samples at 5.85-m
depth (Fig. 5.13, Table 5.5) suggest a mobilized effective friction angle at peak I'PEAK
= 25.4° and I'MO = 33.7°, whereas I' = 36.3° is obtained from the NTH solution (Q
= 6.30; Bq = 0.70). The curve-fitting procedure between the original SCE-CSSM
solution and experimental data indicates the following set of parameters: I' = 34°,
IR = 332, and ƌ = 1. In contrast, the modified solution provides a good estimation
of Ƴ'p and OCR for I'PEAK = I'MO = 34°, thus matching the original SCE-CSSM
equations. As observed for the Masku site, the modified SCE-CSSM solution
appears to not be suitable when applied to low sensitive clays. Results are illustrated
in Fig. 5.14.
Table 5.5. Triaxial tests, Sipoo.
Test ID Type Depth (m)
In situ stress state Consolidation state
Ƴ'v0 (kPa) Ƴ'p (kPa) OCR Ƴ'1 (kPa) Ƴ'3 (kPa) Ƴ'v0 (kPa)
E1 CIUC 5.85 34.6 53 1.531792 150 150 1.00
E2 CIUC 5.85 34.6 53 1.531792 111 111 1.00
E3 CIUC 5.85 34.6 53 1.531792 70 70 1.00
Figure 5.13. Effective stress paths from CIUC TX tests, Sipoo.
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Figure 5.14. Implementation of the modified SCE-CSSM analytical solution on Sipoo clay: a) CPTu
soundings; b) normalized tip resistance (Q) versus depth; c) normalized pore pressure ratio (Bq)
versus depth; d) evaluation of the slope parameter aq; e) and f) implementation of the original SCE-
CSSM for evaluating V'p and OCR, respectively.
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5.6 Validation of the SCE-CSSM analytical solutions
As observed in the previous sections, the SCE-CSSM framework provides a reliable
methodology to estimate the values of Ƴ'p and OCR, which are generally in
reasonable agreement with the experimental results. Table 5.6 summarizes the
parameters adopted in the implementation of the analytical solutions as well as the
effective friction angles evaluated from the NTH solution and CIUC/CAUC triaxial
tests. The obtained results demonstrate that the three equations derived from the
original SCE-CSSM framework (eq. 5.10, eq. 5.17, and eq. 5.19) are suitable for
predicting the V'p in low sensitive clay sites (St < 20, e.g., Masku and Sipoo), whereas
a slight disagreement between the three CPTu-based equations is observed in highly
sensitive clays (St > 20, e.g., Perniö, Lempäälä, and Paimio). In contrast, the modified
analytical solution (eq. 5.25, eq. 5.26, and eq. 5.27) overcomes the issues related by
assuming two effective friction angle values (I'PEAK and I'MO). However, the
obtained results revealed that the differences between the implementation of the
original and modified SCE-CSSM methodologies in Finnish clays are not as evident
as those observed in Leda and Haney clays (Agaiby 2018; Mayne et al. 2019). These
aspects are discussed in detail in the following section.
It is worth observing that the friction angles that give the best fit between the
model prediction and experimental results are not always consistent with the results
from TX compression tests. As an example, for Perniö and Paimio clay, the I'PEAK
adopted in the modified solution is higher than that evaluated from the laboratory
tests. These disagreements can be justified in several possible ways. First, the value
of I'PEAK is evaluated on samples consolidated beyond the in situ stress before
shearing, thus altering their initial structure. Next, sample disturbance may also play
a crucial role. Herein, it is difficult to provide further explanations of these aspects
owing to the limited amounts of available TX compression tests from the
investigated clays.
The validity of the implemented analytical solutions is assessed by conducting a
statistical analysis on the model prediction with respect to the target values
represented by the experimental test results. In particular, the goodness of each
equation derived from the SCE-CSSM framework is evaluated based on four
different parameters: coefficient of determination (R2), bias factor (b), coefficient of
variation (COV), and standard error (SE). R2 expresses the proportion of the
variance in the dependent variable that is predictable from the independent variable.
It gives information about the goodness of fit of a model with the measured data
points. It ranges between 0 and 1, where 0 indicates that the dependent variable
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cannot be predicted from the independent variable while 1 indicates that the
dependent variable can be predicted without error from the independent variable
(ideal case). The bias factor is expressed as the mean of the ratio of the measured
target value over the predicted target value, as detailed by Ching and Phoon (2014).
The prediction is considered unbiased when b = 1 (ideal case). COV is defined as
the ratio of the standard deviation (SD) gives information about the dispersion of
data points around the mean. If COV = 0, no data scatter exists for the
transformation model, meaning that the prediction is deterministic. SE is the
standard deviation of the sampling distribution and measures the accuracy with
which a sample represents the population. In particular, it provides information of
the deviation of the sample mean from the actual mean of a population. The choice
of considering different statistical tools is justified by the fact that they provide
different information related to prediction accuracy, robustness, and dispersion of
the analyzed estimator in comparison with the dataset.
Table 5.6. Summary of the SCE-CSSM parameters adopted in the implementation.
Site
NTH solution TX tests SCE-CSSM solutions
Bq Q I' I'PEAK I'MO TYPE I'PEAK I'MO / aq IR
Perniö 0.80 4.50 33.7 28 36 ORIG. 28  1.00 0.54 580MOD. 31 33 1.00 191
Lempäälä 0.75 3.50 30 n.a. ORIG. 30  1.00 0.47 142MOD. 28 30 1.00 88
Masku 0.65 6.50 35.9 30 36.9 ORIG. 36  1.00 0.49 124MOD. not suitable
Paimio 0.80 4.50 33.7 27.5 33.7 ORIG. 28  1.00 0.54 580MOD. 31 34 1.00 138
Sipoo 0.70 6.30 36.3 25.4 33.7 ORIG. 34  1.00 0.54 332MOD. not suitable
The results of the statistical analysis conducted on OCR and Ƴ'p are summarized in
Table 5.7 and Table 5.8. As previously observed, the Lempäälä site is characterized
by the lowest model accuracy, as demonstrated by the low values of the coefficient
of determination. It is worth observing that there is an evident difference between
the prediction of Ƴ'p and OCR even when the same model is implemented. As an
example, the U-based prediction is characterized by R2 = 0.07 when implemented to
evaluate OCR while the same equation provides R2 = 0.90 in case of Ƴ'p. As shown
in APPENDIX 6, this inconsistency can be justified by the limited variability of the
OCR values at Lempäälä site (1 < OCR < 1.40). In contrast, the Ƴ'p range is wider,
thus giving higher value of R2. Therefore, despite R2 is generally a reliable indicator
of the prediction goodness, in the aforementioned cases it may provide misleading
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information. All the other sites are characterized by relatively high accuracy for both
OCR and Ƴ'p, with R2 ranging between 0.70 and 0.95. However, the prediction based
on the Qeff is generally characterized by higher uncertainties (e.g., Paimio).
Results from the statistical analysis do not provide significant differences between
the predictions provided by the original and modified solutions. This is consistent
with the observations made in the previous sections. In particular, it has been
pointed out how the disagreement shown by the original SCE-CSSM equations
applied for sensitive Finnish clays (Perniö, Lempäälä, and Paimio) is not as evident
as that for Canadian and Norwegian clays (Agaiby and Mayne 2018; Mayne et al.
2019). Possible reasons that justify these findings are discussed in section 5.7.
From a theoretical point of view, the adoption of the modified equations is
suggested for clays of St > 30 to avoid misleading prediction owing to the stress-
strain incompatibility. Finally, b varying between 0.74 and 1.05, with a COV from
0.05 to 0.26 are observed. This would suggest that the values predicted by the
analytical solutions are characterized by reasonably low variability.
Table 5.7. Summary of the statistical analysis of the SCE-CSSM equations for deriving OCR.
Site Model
Statistical Analysis
R2 b, (COV) SE
Q U Qeff Q U Qeff Q U Qeff
Perniö
ORIG. 0.80 0.83 0.74 1.00(0.10)
0.91
(0.06)
1.03
(0.14) 0.17 0.11 0.21
MOD. 0.80 0.83 0.75 0.99(0.10)
0.97
(0.08)
1.01
(0.13) 0.17 0.14 0.20
Lempäälä
ORIG. 0.31 0.05 0.32 0.93(0.13)
0.79
(0.07)
1.04
(0.23) 0.20 0.04 0.39
MOD. 0.32 0.05 0.32 0.87(0.16)
0.78
(0.09)
0.74
(0.08) 0.27 0.08 0.67
Masku ORIG. 0.96 0.96 0.92 0.99(0.05)
0.98
(0.07)
1.01
(0.07) 0.10 0.07 0.14
Paimio
ORIG. 0.85 0.85 0.75 1.01(0.07)
0.95
(0.08)
1.05
(0.09) 0.12 0.10 0.15
MOD. 0.85 0.85 0.78 0.95(0.07)
0.92
(0.07)
0.98
(0.09) 0.13 0.14 0.15
Sipoo ORIG. 0.86 0.78 0.86 1.05(0.06)
1.02
(0.07)
1.03
(0.06) 0.08 0.09 0.08
130
Table 5.8. Summary of the statistical analysis of the SCE-CSSM equations for deriving ı'p.
Site Model
Statistical analysis
R2 b, (COV) SE
Q U Qeff Q U Qeff Q U Qeff
Perniö
ORIG. 0.80 0.89 0.60 1.00(0.10)
0.91
(0.07)
1.02
(0.14) 3.03 3.27 3.35
MOD. 0.80 0.85 0.64 0.98(0.10)
0.96
(0.08)
1.00
(0.13) 3.08 3.32 3.33
Lempäälä
ORIG. 0.74 0.93 0.17 0.93(0.13)
0.78
(0.07)
1.03
(0.23) 3.44 2.53 7.60
MOD. 0.56 0.90 0.07 0.87(0.16)
0.78
(0.09)
0.74
(0.26) 5.09 3.22 13.62
Masku ORIG. 0.85 0.86 0.67 0.99(0.05)
0.97
(0.07)
1.01
(0.08) 3.08 4.66 4.03
Paimio
ORIG. 0.47 0.55 0.25 1.01(0.07)
0.94
(0.08)
1.05
(0.09) 4.08 5.49 5.37
MOD. 0.47 0.51 0.29 0.95(0.07)
0.92
(0.07)
0.98
(0.09) 4.34 4.67 5.35
Sipoo ORIG. 0.91 0.91 0.87 1.05(0.06)
1.02
(0.07)
1.02
(0.06) 3.31 3.87 3.33
5.7 Simplified CPTu-based correlations for Finnish clays
The applicability of the SCE-CSSM framework in predicting the OCR and Ƴ'p from
CPTu data has been extensively discussed in the previous sections. In particular, it
has been shown that the original SCE-CSSM model provides good stress history
prediction in low sensitive clays (e.g., Masku and Sipoo), whereas the modified
solution fits reasonably well with the experimental data for clays with St > 30 (e.g.,
Perniö, Lempäälä, and Paimio). That said, the boundary of St = 30 should be
regarded as the limit for the applicability of the original and modified SCE-CSSM
methods in Finnish clays.
Although these analytical models offer a reliable and accurate methodology, they
are impracticable from a computational point of view because a number of
parameters are required. Therefore, in this section, simplified CPTu-based
correlations valid for Finnish clays are derived based on the results obtained at the
investigated sites.
For the clays with St < 30 (e.g., Masku and Sipoo), the I' adopted in the original
SCE-CSSM solution ranges between 34° and 36°, while IR varies from 124 to 332
(Table 5.6). Based on this, simplified expressions can be derived from the original
SCE-CSSM formulations, assuming an average operational effective friction angle I'
= 35° (i.e., Mc1 = 1.42), IR = 230, and ƌ = 1. Using this set of parameters, equations
(5.10), (5.17), and (5.19) can be expressed as follows.
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ɐ୮ᇱ = 0.25 ሺq୲ െ ɐ୴଴ሻ = 0.25 q୬ୣ୲ (5.34)
ɐ୮ᇱ = 0.39 ሺuଶ െ u଴ሻ = 0.39 οuଶ (5.35)
ɐ୮ᇱ = 0.53 ሺq୲ െ uଶሻ = 0.53 qୣ୤୤ (5.36)
Similarly, for clays with St > 30, the following average parameters are assumed: I'PEAK
= 31°, I'MO = 34° (i.e., Mc1 = 1.24, Mc2 = 1.37), IR = 160, and ƌ = 1. Such parameters
are evaluated based on the results obtained at Perniö and Paimio, which appear to
be more reliable compared with those obtained at Lempäälä. Therefore, three
simplified equations can be obtained from equations (5.25), (5.26), and (5.27).
ɐ୮ᇱ = 0.30 ሺq୲ െ ɐ୴଴ሻ = 0.30 q୬ୣ୲ (5.37)
ɐ୮ᇱ = 0.55 ሺuଶ െ u଴ െ ɐԢ୴଴ሻ = 0.55 ሺοuଶ െ ɐԢ୴଴ሻ (5.38)
ɐ୮ᇱ = 0.6 ሺq୲ െ ɐ୴଴ሻ െ 0.54 ሺοuଶ െ ɐԢ୴଴ሻ (5.39)
However, from a practical point of view, it may be convenient to rely on a single set
of equations that are representative of the entire population of Finnish clays
presented in this study, regardless of St. Therefore, equations (5.34) and (5.37) can
be combined into one unique expression as follows:
ɐ୮ᇱ = 0.275 ሺq୲ െ ɐ୴଴ሻ = 0.275 q୬ୣ୲. (5.40)
Equations (5.35), (5.36), (5.38), (5.39), and (5.40) are validated for the entire dataset
of Finnish clays comprising n = 99 high-quality data points, and the results are
presented in Fig. 5.15.
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Figure 5.15. CPTu-based correlations for predicting V'p in Finnish clays derived from the SCE-CSSM
theoretical solution.
The goodness of each correlation is evaluated based on b and COV. Based on these
results, a calibration process is performed by correcting the above correlations using
their b to obtain the following.
ɐ୮ᇱ = 0.28 ሺq୲ െ ɐ୴଴ሻ = 0.28 q୬ୣ୲ (5.41)
ɐ୮ᇱ = 0.39 ሺuଶ െ u଴ሻ = 0.39 οuଶ (5.42)
ɐ୮ᇱ = 0.62 ሺq୲ െ uଶሻ = 0.62 qୣ୤୤ (5.43)
ɐ୮ᇱ = 0.52 ሺuଶ െ u଴ െ ɐԢ୴଴ሻ = 0.52 ሺοuଶ െ ɐԢ୴଴ሻ (5.44)
ɐ୮ᇱ = 0.55 ሺq୲ െ ɐ୴଴ሻ െ 0.50 ሺοuଶ െ ɐԢ୴଴ሻ         (5.45)
A summary of the calibrated equations, b, and COV is shown in Table 5.9, whereas
the comparison between the experimental data and correlation-based predictions is
shown in Fig. 5.16. Overall, the correlations provide a reasonably good estimation
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of the V'p, as COV varies between 0.07 and 0.15. In addition to the CPTu
measurements, the in situ effective stress (Ƴ'v0) and stationary pore water pressure
(u0) are needed.
Table 5.9. Calibrated correlations for predicting ı'p in Finnish clays.
Equation Correlation n b COV Calibrated correlation
5.40 Ƴ'p = 0.275(qtî Ƴv0) 99 1.02 0.10 Ƴ'p = 0.28(qtî Ƴv0)
5.35 Ƴ'p = 0.39(u2î u0) 99 1.00 0.07 Ƴ'p = 0.39(u2î u0)
5.36 Ƴ'p = 0.53(qtî u2) 99 1.17 0.15 Ƴ'p = 0.62(qtî u2)
5.38 Ƴ'p = 0.55('u2î Ƴ'v0) 99 0.95 0.09 Ƴ'p = 0.52('u2î Ƴ'v0)
5.39 Ƴ'p = 0.6(qtî Ƴv0)î 0.54('u2î Ƴ'v0) 99 0.92 0.14 Ƴ'p = 0.55(qtî Ƴv0)î 0.50('u2î Ƴ'v0)
Figure 5.16. Calibrated CPTu-based correlations for predicting V'p in Finnish clays derived from the
SCE-CSSM theoretical solution.
5.8 Discussion
Overall, the implementation of the SCE-CSSM analytical solutions at the
investigated sites revealed that reliable estimations of OCR and V'p can be obtained
when the proper soil parameters are assumed. As observed in previous studies
(Agaiby 2018), a slight disagreement between the three CPTu-based equations is
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observed when the original solution is adopted in clays with St > 30. The modified
SCE-CSSM solution, however, is more suitable for highly sensitive clays by assuming
two “operational” friction angles (I'PEAK and I'MO). In particular, for the investigated
clays, the SCE-CSSM models provided the best fitting by adopting friction angle
ratio I'MO/I'peak between 0.9 and 1. In contrast, lower values were observed for
different worldwide sensitive soils, as detailed by Agaiby (2018). A possible reason
for this lies in the magnitude of the slope parameter aq: Finnish clays are
characterized by aq ranging between 0.45 and 0.55 while data obtained from other
sensitive clay test sites (e.g. Gloucester and Tiller-Flotten) indicate higher aq values.
Figure 5.17 shows the friction angle ratio I'MO/I'PEAK as a function of the slope
parameter aq, highlighting the aforementioned differences between Finnish clays and
well-documented sensitive clays. These aspects require further investigation by
conducting additional investigation which would confirm the observed trend.
Figure 5.17. Friction angle ratio (I'MO/I'PEAK) as a function of aq for different clays.
Simplified correlations valid for Finnish clays are derived by assuming average values
of I' and IR, which have been evaluated from the results obtained at the investigated
sites. These correlations have been further calibrated based on their bias to match
the mean trend of the collected data. Although a relatively small database has been
used to derive these correlations, they can be reliably used for the preliminary
evaluation of OCR and V'p in the absence of site-specific data or when the available
data is suspected to be unreliable. Finally, it is worth pointing out that the SCE-
CSSM analytical framework provides a rational approach for the interpretation of
CPTu data, which is more effective than “stand-alone” empirical methods.
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6 DEFORMATION PROPERTIES OF FINNISH
CLAYS
6.1 Introduction
The evaluation of soil settlement represents one of the key factors to guarantee safe
design and ensure the validation of the SLS. In clayey soils, and particularly in soft
sensitive clays, the load application may induce severe damages to the structure and
infrastructure owing to the high compressibility of these soils. The soil settlement is
the result of the delayed volumetric response owing to the interaction between the
soil skeleton and pore water. This process is generally referred to as “consolidation”
and indicates the time-dependent volume change phenomenon induced by the
excess pore water pressure dissipation.
It has been observed (section 2.4.2) that existing settlement calculation methods
may result in an inaccurate description of the soil stress-strain response. Therefore,
the compression index method is not suitable for predicting the settlement in soft
sensitive clays because the assumption of constant values of Cc is not representative
for describing the highly nonlinear stress-strain behavior in the entire NC region. In
contrast, both Janbu’s method and Sällfors’ methods are more suitable in predicting
the settlement of soft sensitive clays.
Laboratory tests, such as oedometer or triaxial tests, commonly performed on
undisturbed samples are considered the most reliable tests for determining the
deformation characteristics of clays. However, as observed within this study, a
proper laboratory investigation program is time consuming and the trustworthiness
of the test results can be highly affected by sample disturbance. Therefore, many
researchers have made considerable efforts to determine the soil deformation
characteristics from the soil index properties (e.g., w and e0) and field testing data
(e.g., CPTu).
Traditionally, the piezocone has revealed to be a reliable tool for estimating the
undrained strength and the stress history (OCR, Ƴ'p) of fine-grained soils, whereas
its applicability for predicting deformation characteristics has shown more
uncertainties. However, several authors (Sanglerat 1972; Mayne 2007; Robertson
2009) have proposed reliable correlations for evaluating the soil stiffness based on
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CPTu parameters. Nevertheless, such equations are derived based on a database
including soils characterized by different properties than Finnish clays; therefore,
their validity should be assessed. In relation to this, studies conducted at Tampere
University have revealed that these existing correlations require proper calibration
when applied to Finnish clays (Di Buò et al. 2018). Herein, the main objective is not
to replace the laboratory testing approach with empirical and analytical correlations
based on CPTu tests but to provide a reliable methodology to perform preliminary
settlement analysis using both field and laboratory data. Clearly, in the case of high-
risk projects, an advanced laboratory testing program is needed along with the careful
use of empirical correlations.
In this section, the deformation properties of Finnish clays are investigated on
the basis of CRS consolidation test results. Moreover, the applicability of CPTu in
predicting soil stiffness in terms of the constrained modulus (M) and compressibility
is assessed. Finally, issues related to the application of the Tangent modulus method
and CRS Swedish method in predicting the soil settlement in soft clays are discussed.
6.2 Deformation properties of Finnish clays
The typical stress-strain behavior of Finnish clays observed in 1D consolidation tests
has been extensively analyzed in section 4. The soil exhibits a stiff response in the
OC region, followed by a significant drop when Ƴ'p is reached, and subsequent
nonlinear stress-strain relationship in the log Ƴ'vHv plot. This behavior has been
observed for all the tested samples, and it is the typical behavior of marine clays
described by Janbu (1985).
As observed in section 2.4.2, the evaluation of the deformation characteristics of
sensitive clays is rather challenging owing to the nonlinearity in terms of log Ƴ'vHv
observed from CRS consolidation test results. While both Janbu’s method and
Sällfors’ method provide suitable representation of the compressibility of Finnish
clays, difficulties arise in the application of the compression index method. For
example, the assumption of a linear stress-strain relationship in terms of log Ƴ'vHv
leads to uncertainties in the definition of a unique value of Cc. These limitations can
be partially overcome by considering a limited stress range within which differences
between model prediction and experimental results are not significant.
In the following, the deformation parameters of Finnish clays are investigated, and
the validity of the existing empirical correlations is assessed based on the available
CRS consolidation test results.
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6.2.1 Constrained modulus (M0)
The soil stress-strain behavior obtained from the experimental CRS consolidation
tests is characterized by nearly elastic response in the OC region, which can be
approximated by assuming a constant value of the constrained modulus (M0). For
Finnish clays, results suggest that M0 ranges between 1 and 2.5 MPa. However,
several authors have pointed out that in sensitive clays, the effects of sample
disturbance appear as a very significant reduction in the constrained modulus (M0)
(Lunne et al. 2006; Karlsrud and Hernandez–Martinez 2013; Amundsen et al. 2016;
Di Buò et al. 2019b). This has also been observed from the comparison of different
sampling techniques adopted for obtaining undisturbed samples in Finnish clays,
indicating that the mini-block samples are characterized by higher M0 than TUT 132
and ST:1 50 samples (section 4.8). Therefore, it is fundamental to rely on high-quality
samples when establishing correlations for evaluating M0. In the literature, existing
correlations between M0 and cone tip resistance typically have the following form:M଴ = Ƚሺq୲ െ ɐ୴଴ሻ =  Ƚ q୬ୣ୲, (6.1)
where D is the constrained modulus cone factor. Exploiting the data from fine-
grained soils, Mayne (2007) indicated values of D varying between 1 and 10, where
the lowest values apply to soft clays. Di Buò et al. (2018) suggested values varying
from 5 to 10 for Finnish clays by exploiting data from the experimental program
presented herein. Fig. 6.1 illustrates the relationship between M0 and qnet for the clays
investigated in this study, confirming the variability ofDbetween 5 and 10. However,
based on the analyzed results, there is no evident influence of natural water content
or soil plasticity on the parameter D.
Figure 6.1. Evaluation of the constrained modulus cone factor (D for Finnish clays.
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Furthermore, the relationship between M0 and vs is investigated. Based on data from
28 Norwegian clay sites, L’Heureux and Long (2017) suggested the following
equation.
M଴ = 0.0001 vୱଶ.ଶଵଶ (6.2)
Di Buò et al. (2018) investigated the applicability of equation (6.2) for Finnish clays,
observing a significant data scatter. This is mainly attributable to the differences
between Finnish and Norwegian clays in terms of PI, St, and OCR. Therefore, an
analytical equation is theoretically derived based on the correlation linking M0 and
G:
M = ଶ (஥ିଵ)(ଶ஥ିଵ) G, (6.3)
where Xis Poisson’s ratio, which can be assumed equal to 0.1 for small-strain
stiffness (Gmax). Considering a scale factor equal to 10 to account for the modulus
degradation with increasing strain and expressing Gmax = Uvs2, where Uis the soil
density, the following equation is obtained.
M଴ = ଵଵ଴ ଶ (஥ିଵ)(ଶ஥ିଵ) ɏvୱଶ = 0.225 ɏvୱଶ (6.4)
Assuming U = 1500 kg/m3, equation (6.4) can be expressed as follows:M଴ = 0.000375 vୱଶ, (6.5)
where M and vs are expressed in MPa and m/s, respectively. Fig. 6.2a shows the
comparison between the measured versus estimated values of M0 based on equation
(6.6). Despite the significant data scatter (COV = 0.31), the theoretical solution
seems to fit the mean trend of the data points (n = 51). However, equation 6.6 tends
to overestimate M0. Therefore, further calibration is performed based on the bias
factor (b = 0.87) to obtain the following.M଴ = 0.000326 vୱଶ (6.6)
Equation (6.6) is plotted in Fig. 6.2b. Note that these correlations are similar to those
proposed by L’Heureux and Long (2017) for Norwegian clays.
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Figure 6.2. Evaluation of the constrained modulus (M0) based on shear wave velocities (vs): a)
theoretical solution; b) calibrated correlation for Finnish clays.
Figure 6.3 presents the relationship between M0 and vs for all sites in the database
together with the analyzed equations. It is worth observing that both solutions fit
fairly well the experimental data points even though the equation proposed by
L’Heureux and Long (2017) appears to slightly underestimate the value of M0.
However, at this stage, the database is limited and additional data points are needed
to further improve these equations.
Figure 6.3. Relationship between the constrained modulus (M0) and shear wave velocities (vs) for
Finnish clays.
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Another approach for deriving CPTu-based correlations for evaluating M0 can be
established based on the SCE-CSSM analytical framework discussed in section 5. In
particular, the simplified correlations derived for Finnish clays can be used herein
for obtaining M0. Experimental results show that for high-quality samples, Ƴ'p is
generally reached at 4% of the vertical deformation (Hv). Therefore, assuming linear
stress-strain relationship in the OC region, the following equation can be established
between M0 and Ƴ'p:
M଴ = ஢౦ᇲ଴.଴ସ. (6.7)
Based on equation (6.7), following three CPTu-based equations for deriving M0 can
be obtained from equations (5.41), (5.42), and (5.43).M଴ = 7 ሺq୲ െ ɐ୴଴ሻ = 7 q୬ୣ୲ (6.8)M଴ = 9.75 ሺuଶ െ u଴ሻ = 9.75 οuଶ (6.9)M଴ = 15.5 ሺq୲ െ uଶሻ = 15.5 qୣ୤୤ (6.10)
Fig. 6.4 shows the comparison between the estimations provided by equations (6.8),
(6.9), and (6.10) with the CRS oedometer test results for each investigated site; the
measured versus calculated values for all the sites are plotted in Fig. 6.5. Overall, the
proposed correlations are characterized by R2 ranging between 0.44 and 0.65, while
COV varies between 0.20 and 0.25. Although only high-quality samples have been
considered in the interpretation, the evaluation of M0 from CRS consolidation tests
is characterized by significant variability. However, the proposed CPTu-based
correlations provide relatively good prediction and can be adopted to perform
preliminary evaluation of M0.
Table 6.1. Summary of the statistical analysis on the CPTu-based correlations for evaluating M0.
Eq. Correlation
Statistical analysis
R2 b, (COV) SE
6.8 M଴ = 7 ሺݍ௧ െ ߪ௩଴ሻ 0.56 1 (0.24) 0.22
6.9 M଴ = 9.75 ሺݑଶ െ ݑ଴ሻ 0.65 1 (0.21) 0.20
6.10 M଴ = 15.5 ሺݍ௧ െ ݑଶሻ 0.44 1 (0.27) 0.25
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Figure 6.4. CPTu-based correlations for evaluating M0 in Finnish clays.
Figure 6.5. Proposed CPTu-based correlations for predicting M0 in Finnish clays.
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6.2.2 Compression indices Cr and Cc
Several studies have pointed out that the compressibility of natural clays is mainly
influenced by the sedimentation state induced by the deposition environment
(Schmertmann 1955; Burland 1990). Therefore, empirical correlations based on the
state variables, such as the natural w and initial void ratio (e0), are more effective
than those based on intrinsic variables (e.g., wL and PI). Table 6.2 presents a
summary of some selected existing correlations based on soil index properties.
Among them, the correlations proposed by Helenelund (1951) and Janbu (1985) are
largely used in sensitive clays. These correlations suggest that samples characterized
by higher w tend to be more compressible. With regard to this, some CRS
consolidation test results from Finnish clays have been grouped by water content
ranges and shown in Fig. 6.6, confirming these observations.
Table 6.2. Empirical correlations for evaluating the compressibility of natural clays.
Proposed Equation Reference
Cc = 0.007(wLí 10) Skempton and Jones (1944)
Cc = 0.017(wLí 20) Shouka (1964)
Cc = (wLí 13)/109 Mayne (1980)
Cc = 0.01w Koppula (1981)
Cc = 0.85(w/100)1.5 Helenelund (1951)
Cc = 0.01(wí 7.549) Herrero (1983)
m = 700/w (±30%) Janbu (1985)
Figure 6.6. CRS consolidation test results grouped by water content ranges.
143
In this section, the deformation properties of Finnish clays are investigated in terms
of the compressibility indices Cr and Cc. In particular, the recompression index (Cr)
is evaluated from the CRS consolidation test results considering the stress range
defined by the in situ vertical stress (Ƴ'v0) and Ƴ'p. In contrast, as discussed earlier, the
value of Cc depends on the considered stress range. Therefore, three different
compression index parameters are defined: Cc,1, Cc,2, and Cc,3 are referred to as Ƴ'p
+ 10 kPa, Ƴ'p + 20 kPa, and Ƴ'p + 50 kPa, respectively. The graphical method adopted
for the determination of these parameters is illustrated in Fig. 6.7. Results indicate
that Cc ranges between 2 and 7; in natural clays, Cr assumes values lower than the
unit. That said, it is clear that when, as a result of the applied load, the effective
vertical stress overcomes the preconsolidation stress, the soil settlement represents
an important issue.
Fig. 6.8 shows the outcomes of the regression analysis between Cr and Cc and the
water content. Cr varies between 0.10 and 0.55, while Cc ranges between 1 and 7.
Two outlier data points from the Lempäälä site (tests B1.3 and B1.4) can be observed
from the results. Because these tests are performed on samples taken from the upper
layer of the site, they cannot be considered as sensitive clay; therefore, they are not
included in the analysis. A clear trend between Cc and w can be noticed while Cr is
characterized by high data scatter. Based on these experimental results, the following
correlations are derived.C୰ = 0.0041 w଴.଼ଽ଺ଽ (6.8)Cୡ,ଵ = 8 × 10ି଺ wଶ.଼ଶଷ଺ (6.9)Cୡ,ଶ = 2 × 10ିହ wଶ.ହଽ଼ (6.10)Cୡ,ଷ = 1 × 10ି଼ wଶ.ଵ଻଼଺ (6.11)
Figure 6.7. CRS consolidation test from Perniö clay: a) graphical method for evaluating Cr; b)
graphical method for the evaluation of compression indices Cc,1, Cc,2, and Cc,3.
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Figure 6.8. Regression analysis between Cc and Cr and w for Finnish clays.
Similarly, the influence of wL on soil compressibility is investigated (Fig. 6.9).
Although a trend can be observed, the significant data scatter does not allow robust
correlations to be derived for estimating the compressibility indices based on wL.
The obtained results suggest that the natural water content is the most suitable
parameter for evaluating Cc, while significant data scatter is observed for Cr.
145
Figure 6.9. Regression analysis between the compression indices (Cc and Cr) and the liquid limit (wL)
for Finnish clays.
6.3 CPTu applicability in deriving the soil deformation
characteristics
The CPTu has shown high applicability in evaluating the strength and the in situ
stress state of clayey soil, whereas difficulties are encountered in the evaluation of
the compressibility parameters beyond the V'p. In particular, it has been observed
that Cc can be estimated based on the natural water content for a limited stress range.
Therefore, the possibility of estimating the water content from the CPTu data would
provide a direct link to predict the soil deformation characteristics in the NC range.
To this end, the possibility of establishing CPTu-based correlations using soil
conductivity is investigated. Several authors have indicated that the soil conductivity
measurement can be used to estimate the pore-water salinity; therefore, it has been
mainly used for quick clay mapping (Rankka et al. 2004; Donohue et al. 2012;
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Sandven et al. 2017). In contrast, the use of the conductivity measurement for
estimating geotechnical properties is currently considered unreliable. In particular,
Haikola (2018) conducted an extensive study on Finnish clays aimed to derive the
soil index properties from electrical conductivity measurements. The study revealed
that a reliable correlation can be established between soil conductivity and pore-
water salinity (Fig. 6.10), whereas correlations with other geotechnical parameters
(e.g., PI, w, wL, St, and su) could not be established, thus confirming what has been
observed for Scandinavian clays (e.g., Montafia 2013).
Figure 6.10. Relationship between soil conductivity and pore-water salinity for Finnish clays (Haikola
2018).
The relationship between conductivity and natural water content for the investigated
clays is shown in Fig. 6.11. Results indicate that no correlation can be established
between the two parameters because the water content increases while the
conductivity remains nearly constant. Moreover, Masku clay is characterized by
significantly higher conductivity than the other clays, probably owing to the higher
pore-water salinity of the Masku clay.
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Figure 6.11. Relationship between soil conductivity and water content for Finnish clays.
A further attempt of estimating soil compressibility based on CPTu data is illustrated
in Fig. 6.12. Note that a clear trend is observed between Janbu’s modulus number
(m1) and cone tip resistance. However, to have a complete description of the stress-
strain behavior, the stress exponent (E)is needed.
Figure 6.12. Relationship between cone tip restance and Janbu’s modulus number m1.
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6.4 Aspects related to primary settlement calculation using
Janbu’s and Sällfors’ methods
The present study highlighted that Janbu’s and Sällfors’ models provide a fairly good
description of the stress-strain behavior observed during 1D consolidation tests;
therefore, they are suitable for predicting the soil settlement in soft sensitive clay
deposits. A summary of the deformation properties obtained on the basis of the
curve-fitting procedure between these models with experimental CRS stress-strain
curves is shown in Table 6.3. Overall, the modulus number in the NC region (m1)
varies between 3 and 7, with values up to 12 observed for Lempäälä clay. In contrast,
the stress exponent (E2) ranges between î1 and î1.5, even though few samples from
Perniö and Sipoo deposits showed lower values (E< î2), thus indicating significant
destructuration when passing Ƴ'p. As previously observed, the constrained modulus
in the OC region (M0) assumes values between 0.8 and 2 MPa. However, lower
values can be observed for Lempäälä clay, which is probably due to the sample
disturbance effect (section 4.8). The curve-fitting procedure performed based on
Sällfors’ method indicates that the lowest value of the constrained modulus just
beyond Ƴ'p (ML) ranges between 100 and 200 kPa, which is significantly lower than
those observed for Scandinavian clays (e.g., Norwegian clay). This value remains
approximately constant for a stress range of 5–15 kPa. Finally, once Ƴ'L is reached,
the modulus increases linearly with an average value of M' = 1214.
Table 6.3. Deformation characteristics of Finnish clays evaluated based on Janbu’s and Sällfors’
methods.
SITE z (m)
Janbu’s method Sällfors’ method
m1 E m2 E M0
(MPa)
ML
(MPa)
Ƴ'L-Ƴ'P
(kPa)
M'
Perniö
2–3 57 (î0.8)(î1.2) 811 1 0.81.1 0.090.14 47 11.512.5
3–6 68 (î0.6)(î1.2) 7.512 1 0.751.2 0.10.2 6.515 1314
6–8 35 (î1.3)(2.5) 1025 1 12.5 0.10.2 615 1314.5
Lempäälä 38 712 (î0.4)(î1) 313 1 0.31.3 0.10.2 617 1016
Masku 38 46 (î0.9)(î1.4) 1221 1 1.22.1 0.10.2 711 1213
Paimio
36 57 î1 1316 1 1.31.6 0.20.3 515 1317
69 3–6 (î1)(î1.8) 1321 1 1.32.1 0.10.2 615 1214
Sipoo
24 5.5 (î1)(î1.4) 1215 1 1.21.5 0.120.14 58 1213
49 35 (î1)(î2) 1220 1 1.22.0 0.100.20 615 1213
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As previously observed, both methods performed well for all the tested samples.
However, difficulties are encountered when fitting the Janbu model in highly
structured clays. In such cases, Eis set to values lower than î2 to best-fit the
significant strain increase beyond Ƴ'p. Although a good fitting between the model
and experimental curve can be achieved, the inaccuracy of the model becomes more
evident at a higher strain. In contrast, the Sällfors model overcomes these issues and
provides a more accurate description of the stress-strain curve. These aspects have
been partially discussed in section 4.7.1 and summarized Fig. 6.13, which shows the
fitting provided by both models considering a CRS consolidation test performed on
a Perniö clay sample (A3.11).
Figure 6.13. Comparison between CRS consolidation test and best-fit stress-strain curves provided
by (a) Janbu’s method and (b) Sällfors’ method.
One relevant aspect to consider when performing settlement calculation in soft
sensitive clays is that the deformation parameters have to be corrected based on the
preconsolidation stress level. The common mistake in practice is to assume constant
deformation parameters to model the entire soft clay layer. Such parameters are
generally evaluated from representative CRS consolidation test results, without
considering that the in situ applied stress range differs from the test. Therefore, when
this set of parameters is related to a different V'p than the one obtained from the
oedometer test, it provides an unrealistic stress-strain response and therefore a
misleading soil settlement prediction. To overcome these issues, a mathematical
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modification method when performing settlement analysis using Janbu’s method
was introduced by Länsivaara (1999; 2000; 2010):
mୡୟ୪ୡ = m୲ୣୱ୲ ൬஢౦,౪౛౩౪ᇲ஢౦,ౙ౗ౢౙᇲ ൰ିஒ, (6.12)
where mcalc is the modulus number to be used in settlement calculation, mtest is the
modulus number evaluated from the oedometer test, Ƴ'p,test is the preconsolidation
stress obtained from the oedometer test, and Ƴ'p,calc is the preconsolidation stress
used in the calculation. The proposed modification is clearly more relevant in the
case of highly structured clays (E< î2) while no change is applied when E= 0.
To explain the main principles of the proposed correction method, an example of
settlement calculation analysis is performed at the Perniö site (Fig. 6.14). The
settlement induced by a uniform load of 20 kPa is estimated using the soil
deformation properties evaluated based on the result of the CRS consolidation test
performed on undisturbed sample taken at 6.36-m depth (A3.6; Ƴ'p = 52 kPa; m1 =
5.7; E1 = î2). The in situ stress is given (Ƴv0 = 92.9 kPa; Ƴ'v0 = 40.3 kPa; u0 = 52.5
kPa). The CRS consolidation test result indicates a value of OCR = 1.30, which is
considered constant within the deposit. The stress-strain path corresponding to a 20
kPa stress increase (Fig. 6.14c) induces an increase in the vertical deformation 'Hv =
9%. Using this set of parameters for the entire soil layer, Janbu’s method provides
an unrealistic value of the vertical deformation in the upper layer, as shown in Fig.
6.14e. The reasons for this are illustrated in Fig. 6.14d and 6.14f. It can be observed
that the stress-strain response for smaller stresses is extrapolated along the path
where destructuration occurs, resulting in significantly high compressibility. In
contrast, the soil stress-strain behavior should be derived considering the virgin
compression curve, as correctly shown in Fig. 6.14f. This error can be avoided by
considering that the deformation properties depend on the V'p, as suggested by
Länsivaara (2000). Finally, Fig. 6.14e shows the value of the vertical deformation
estimated using the original and corrected modulus number. As expected, the
analysis performed based on mcalc provides reasonable estimation of the soil
settlement.
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Figure 6.14. Principles of the modulus number correction when applying Janbu’s method in
settlement calculation: a) schematization of the case study; b) in situ stress of Perniö deposit; c) CRS
oedometer test result; d) application of the modulus number correction on the stress-strain curve
extrapolated for z = 4 m; e) effect of the modulus number reduction on the calculated vertical
deformation; f) principles of the modulus number correction in the e-log ı'v scale.
The same principles should also be applied when performing the settlement
calculation based on Sällfors’ method. However, because the minimum value of the
constrained modulus (ML) is given, the overall error is somehow limited. A
correction parameter (k1) has been introduced by Länsivaara (2000), defined as
follows.
kଵ = ஢౦,౪౛౩౪ᇲ஢౦,ౙ౗ౢౙᇲ (6.13)
Based on this factor, Sällfors’ method’s parameters are corrected as follows.
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M଴,ୡୟ୪ୡ = ୑బ,౪౛౩౪୩భ = M଴,୲ୣୱ୲ ஢౦,ౙ౗ౢౙᇲ஢౦,౪౛౩౪ᇲ (6.14)M୐,ୡୟ୪ୡ = ୑ై,౪౛౩౪୩భ = M୐,୲ୣୱ୲ ஢౦,ౙ౗ౢౙᇲ஢౦,౪౛౩౪ᇲ (6.15)
ɐ୐,ୡୟ୪ୡᇱ = ஢ై,౪౛౩౪ᇲ୩భ = ɐ୐,୲ୣୱ୲ᇱ ஢౦,ౙ౗ౢౙᇲ஢౦,౪౛౩౪ᇲ (6.16)M ୡୟ୪ୡᇱ = M ୲ୣୱ୲ᇱ (6.17)
To investigate the settlement prediction accuracy, the same case study illustrated in
Fig. 6.14 has been analyzed using Sällfors’ method. Considering the CRS
consolidation test results from 6.36-m depth (test A3.6), the deformation parameters
for the entire soil layer have been derived based on the original and corrected method
formulations. The comparison between the stress-strain responses is shown in Fig.
6.15a, whereas the calculated vertical deformation is illustrated in Fig. 6.15b. In this
case, the differences between the extrapolated curves are limited, with an overall
difference of less than 10% in terms of the vertical deformation.
Figure 6.15. Application of Sällfors’ method correction: a) stress-strain response comparison; b)
estimation of the vertical deformation induced by load application.
Finally, the comparison between both methods is shown in Fig. 6.16; the settlement
prediction is summarized in Table 6.4. Results indicate that the difference between
the corrected Janbu’s and Sällfors’ methods is basically negligible as they both
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provide similar vertical deformation prediction. The correction procedure must
always be applied to Janbu’s modulus number, whereas the error related to Sällfors’
method is less significant. However, in conventional practice, it is always suggested
to correct the deformation parameters when these are extrapolated from a
representative CRS oedometer test to avoid inaccurate settlement prediction, as
previously shown.
Figure 6.16. Comparison between Janbu’s and Sällfors’ methods for settlement prediction.
Table 6.4. Total settlement prediction provided by the different calculation methods.
Total settlement prediction (cm)
Janbu
method
Corrected Janbu
method
Sällfors
method
Corrected Sällfors
method
248 98 8 99
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7 CONCLUSIONS
7.1 Concluding remarks
The presented study investigated the applicability of piezocone testing in evaluating
the preconsolidation stress and the deformation properties of Finnish clays. In order
to build an extensive database of high-quality data, five soft sensitive clay test sites
were extensively investigated. The experimental program comprised both field and
laboratory tests on high-quality undisturbed samples. The collected data has been
exploited to establish CPTu-based correlations for evaluating the stress history and
deformation properties of Finnish clays. Most of the objectives have been fulfilled
even though further studies are needed to clarify few issues which have been raised
within the study.
The major findings of the study are presented below.
x The geological origin of Finnish clay sediments is rather complex owing to
the different environmental stages related to the Baltic Sea. Different from
marine clays located in Norway and in the coastal area of Sweden, the
depositional environment of Finnish clays is mostly characterized by fresh
to brackish water, depending to the connection with the Atlantic Ocean
during its geological history. Therefore, the development of soil sensitivity
in such clays is probably not strictly connected to salt leaching as, for
example, Norwegian clays but more likely dependent to other post-
depositional processes.
x The sample quality is one of the most relevant factors affecting the
interpretation of laboratory tests, especially in soft sensitive clays. In order
to build a high-quality dataset and establish reliable correlations, particular
effort has been paid to the soil sampling. In particular, the study investigated
the performances of different sampling techniques in retrieving undisturbed
samples from the investigated sites. Results indicated that the mini-block
and TUT 132 tube samplers provide overall the highest sample quality, while
several issues were encountered when using the traditional piston samplers,
especially in low-plastic clays. As an example, the use of rotation to cut-off
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the sampled soil from the deposit appeared to be less invasive compared
with apparatus lifting suggested by the Finnish guidelines. Moreover, proper
maintenance should always be guaranteed when using the piston samplers
to avoid additional disturbance. However, it was observed that good quality
samples can be achieved using the traditional ST:1 50 piston sampler when
the proper sampling procedure is adopted. The use of the TUT 132 tube
and mini-block samplers is highly suggested, particularly in low-plastic clays.
Finally, the influence of storage time on sample quality was investigated for
the TUT 132 tube sampler. Results showed that high sample quality can be
maintained up to three years after the sampling.
x A well-established hybrid analytical method based on SCE-CSSM theoretical
framework was implemented to predict the V'p and OCR profiles from
CPTu data. The statistical analysis conducted using R2, b, COV, and SE
indicated a fairly good agreement between the experimental data from CRS
consolidation tests and the model prediction for each investigated site. Based
on these results, simplified CPTu-based correlations for Finnish clays were
derived by assuming average analytical parameters, which are considered
representative of the Finnish subsoil condition. In particular, the
implementation of the analytical models revealed some inconsistencies in the
evaluation of the effective friction angles. These aspects have been analyzed
in the thesis.
x Three different settlement calculation methods have been employed in this
study to investigate the deformation characteristics. In particular, it was
observed that the compression index method is not suitable for describing
the stress-strain behavior in the entire NC region. In contrast, both Janbu’s
and Sällfors’ models match relatively well with the CRS consolidation test
results. Correlations for evaluating M0 based on the cone tip resistance and
shear wave velocities are presented, whereas difficulties were encountered in
deriving CPTu-based correlations for the NC range deformation
characteristics. However, empirical correlations between the compression
indices with the natural water content were established. An attempt to
correlate the soil resistivity measurements with the modulus number has
been made, resulting in considerably high data scatter. In contrast, a clear
trend between the cone tip resistance (qt) and Janbu’s modulus number (m1)
was observed. Finally, the study investigated several issues related to the
Janbu’s and Sällfors’ models applied to highly sensitive clays.
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7.2 Recommendations for future work
The results obtained from this study represent the first step toward an effective
introduction of CPTu for field investigation in Finnish geotechnical practice. It has
been shown that the piezocone data can be successfully implemented to predict the
soil properties. However, it would be beneficial to extend the database by including
additional sites that are considered representative of the Finnish subsoil condition
and further validating the proposed CPTu-based correlations.
As previously noted, the study showed that the adopted sampling operations
clearly affect the achieved sample quality and, therefore, the interpretation of
laboratory tests. However, it was not possible to conduct an effective study to assess
the performance of the different samplers and procedures for all the sites. Therefore,
a more detailed study on this topic would clarify the issues related to the ST:1 50
piston samplers in low-plastic clays, the influence of rotation and lifting on the
achieved sample quality, and the storage effect on both piston and mini-block
samples.
Although the implementation of the SCE-CSSM model provided reliable
prediction of Ƴ'p for all the investigated sites, the inconsistencies between the
operational friction angles (I'PEAK, I'MO) providing the best-fit and the effective
friction angles evaluated on the basis of TX compression tests requires additional
examination.
Finally, in this study, a proper methodology to predict the deformation
characteristics from the CPTu data could not be established. Although the
constrained modulus in the OC region can be estimated fairly well based on the net
cone tip resistance, difficulties were encountered in the evaluation of the
deformation properties in the NC region. Therefore, as future work, the applicability
of piezocone testing for estimating the soil compressibility should be investigated in
detail, with particular emphasis on Janbu’s and Sällfors’ deformation parameters.
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